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Abstract 
Amorphous semiconductors have fou nd uses in an increasing variety of electronic and 
photonic devices over the last few decades, many of which are now commonplace . The 
ubiquitous Thin Film Transistor (TFT) LCD/LED flat panel di splay is a multibillion 
dollar per annum industry. Other examples include photovoltaic cells and night vision 
systems. A thorough understanding of the physical characteristics of this class of 
materials is of commercial, military , scientific and technological interest. In particular, a 
deeper understanding of the amorphisation process may assist in accelerating the uptake 
of this technology . 
This thesis investigates the amorphisation kinetics of three semiconducting material s, 
In,Ga1_,As, ln,Ga 1_,P and Si 1_,Ge,, to gain an understanding of the damage production 
process in these materials via ion implantation. Ion implantation is a commonly used 
technique in the semiconductor industry for rendering materials amorphous due to the 
precise control it offers over the implanted ion fluence and ion species. All three of these 
materials are of technological importance for their use and development in fi elds such as 
so lar cells for space applications, quantum well FETs , wireless LAN and OPS 
applications. 
Ion implantation was performed using Ge ions to render lnxGa 1-xAs, lnxGa1 -xP and 
Si t-xGe, amorphous. Implantation induced disorder was quantified with Rutherford 
backscattering spectroscopy in the channelling configuration (RBS -C). EXAFS 
measurements were performed to study the local atomic structure of the crystalline 
material. Parameters such as bond length , bond angle and structural di sorder were 
V 
deduced from the EXAFS measurements. These results were then correlated to RBS-C 
to help explain the amorphisation behaviour observed in InxGa1-xAs, InxGa1-xP and 
Si1-xGex. 
It was found that distortion in both bond length and bond angle distribution was apparent 
for both InxGa1_xAs and InxGa1_xP with the structural disorder primarily being 
accommodated by bond angle distribution. This leads to the presence of local regions of 
strain giving rise to preferential sites for stimulated amorphisation. The amorphisation 
kinetics observed in InxGa1_,As and lnxGa1_,P are attributed to these pre-existing local 
strain regions. The structural disorder observed in crystalline Si1-xGex was much reduced 
in comparison to the InxGa1-xAs and In,Ga1_xP. Hence , amorphisation kinetics observed 
in Si 1_xGe, differ from those observed in In,Ga1_xAs and InxGa1_xP . It is hoped that the 
insights gained by this thesis into the amorphisation kinetics of these materials will help 
open up more avenues and application for the use of these and materials similar to these 
in the electronics industry. 
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Chapter 1 Amorphous phase formation in 
lnxGa1-xAs, lnxGa1-xP and Sh-xGex 
1.1 Introduction 
Compound semiconductors are the materials of choice for a number of well-established 
commercial technologies, as well as new cutting-edge classes of electronic and 
optoelectronic dev ices. Some examples of cutting-edge dev ices and applications include 
photo receivers fo r optic fibre transmission; high sensitivity and high resolution short 
wave infrared (S WIR) cameras (including those used fo r night vision and military 
applicati ons) ; high frequency transistors fo r mobil e phone communications; lasers and 
light emitting diodes [ 1-6]. 
The ability to manipulate material properties in a contro llable manner is of great 
im portance in almost a ll scientific and engineering fields. Using compound 
semiconductors prov ides an additional avenue to vary these properties by altering the 
composition or stoichiometry of these materials . For example, the bandgap energy of a 
ternary semiconductor compound can be va ried by changing the compos ition of the 
constituent elements (see Figure 1-1 ). The resulting properties are generally between th e 
two binary extremes (7 , 8). For ex ample, the ion fl uence required to amorphise 
AlxGa 1.xAs increases with increas in g Al content (9), with A!As req ui ri ng the highest ion 
fl uence to render it amorphous . 
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Figure 1-1 Band gap energy and lattice constant of various III-V semiconductors at room 
temperature (adopted from Tien, 1988). 
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In contrast to AlxGa1_xAs amorphisation, a study of Ino.s3Gao41As amorphisation [10] 
revealed that In053Gao41As was easier to amorphise compared with both InAs and GaAs, 
thus indicating that the amorphisation properties of lnxGa1_xAs were not intermediate 
between the two binary extremes. Investigation of this anomaly in semiconductor 
compounds forms the basis of this thesis . 
The aim of this thesis was to investigate the ion beam induced amorphisation behaviour 
in three semiconductor compounds, namely, InxGat-xAs, InxGa1-xP and Si 1-xGex, as a 
function of stoichiometry. The resulting damage was studied using Rutherford 
backscattering in the channelling configuration (RBS-C). Extend X-ray Absorption fine 
structure (EXAFS) was used to determine the change in bond length , bond angle and 
structural disorder with varying composition . Results from EXAFS were then correlated 
3 
with RBS-C to expl ain the amorphisation behaviour observed in these semiconductor 
compounds . 
1.2 Ion Implantation 
Ion implantation is a process by which energetic ions are introduced into a solid to 
change its properties (physical, electrical , optical etc .). It is a vi tal process in many 
industries and research areas [1 1] including semiconductor device fabrication, 
superconductors, hardening and surface treatment of metals, and nucl ear physics . Ion 
implantation provides an alternative and non-equilibrium method of introducing dopant 
atoms into the lattice or substrate material. The use of energetic ions, typically eV-MeY 
range , allows virtually any element, independent of thermodynamic facto rs, to be 
in troduced in to a substrate material. This process provides a high degree of control over 
the ion fluence 1 of the impl anted ions and their depth in to the substrate material (ion 
energy). It is due to this hi gh degree of contro l over the implanted species that the ion 
implantation technique forms an integral part of the semiconductor device fabrication 
process . 
1.3 Ion-Solid Interaction 
Atoms of the spec ies to be implanted are ioni sed and then accelerated in the direction of 
the target or the substrate. Lattice disorder and radiation damage effects are produced by 
the incident ions as they traverse through the substrate material by a series of collisions 
with its nuclei and electrons. As the ions collide with the target and graduall y lose their 
energy. both from occasional collisions with target nuclei, i.e., nuclear stopping, which 
1 Ion fluence is the number of ions implanted per unit area of a given material. 
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causes abrupt energy transfers; and from a mild drag due to interactions with electrons 
or electronic stopping , which is a continuous process. The loss of ion energy in the 
target is called ion stopping and is dependent on the energy , mass and atomic number of 
the ions as well as the mass, atomic number and density of the substrate . 
Both nuclear and electronic energy losses increase with increasing energy , reach a 
maximum and then decrease . The relative importance of the two energy-loss 
mechanisms changes rapidly with the energy E and atomic number Z , of the particle: 
nuclear stopping predominates for low E and high 2 1 , whereas electronic stopping takes 
over for high E and low Z 1. Electronic energy loss reaches its maximum (Bragg peak) at 
energies which are orders of magnitude higher than that for nuclear energy loss (see 
Figure 1-2) . The range of ion implantation energies used during the course of this thesis 
is keV to low MeV. For this range, nuclear stopping is the dominant form of energy loss 
mechanism. The average depth or the range of the ions depends on the energy of the 
incident ion , the ion species and the composition of the target material: and is typically < 
5 µm . This makes ion implantation especially useful for near-surface studies , as the 
chemical or structural change is close to the surface of the target . 
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Figure 1-2 Electronic and nuclear energy loss vs. ion energy for Ge ions implanted into GaAs. 
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Nuclear interaction can involve large di screte energy- losses and significant angular 
deflect ion of the trajectory of the ion . This process is responsible for the production of 
lattice di sorder by the displacement of atoms from their positions in the lattice. The 
di splaced atoms can themselves interact with other target atoms leading to a colli sion 
cascade. Nuclear ion stopping can lead to the creation of point defects in the target 
crystal, such as vacancies and interstitial s. These point defects can migrate and cluster, 
resulting in di slocation loops and other defects. Depending on the ion implantation 
parameters , ion stopping can also result in the formation of amorphous zones. In some 
cases, complete amorphi sation of a target is preferable to a hi ghl y defecti ve crystal : for 
example . amorphous layers can be regrown at a lower temperature than required to 
anneal a highl y damaged crystal. For the energy range in vesti gated in this study, the 
6 
electronic interactions involve much smaller energy-losses per interaction, negligible 
deflection of the ion trajectory , and negligible lattice disorder. 
1.4 Mechanisms of damage formation in 
semiconductors 
The type and extent of the resulting damage due to ion-solid interaction is influenced by 
various factors [12-16] including , but not limited to , target temperature , ion energy and 
ion fluence , in addition to the mass of the implanted ions , as mentioned earlier. 
To counter the strong influence of the atomic number, ion fluence (N1) can be 
normalised to the atomic density (No) to give the number of displacements per lattice 
atom , Tlctpa , such that: 
Nr 
Tlctpa = Nctispl * No (1.1) 
where Nctispl is the effect from a single ion impact i .e. the number of displacements per 
ion per A and is calculated using SRIM [ 17] . Use of the term Tlctpa allows comparison of 
results from different ion species implanted into one material or of one ion species into 
various materials. 
Intrinsic defects, such as vacancies or interstitials, may become mobile with increasing 
temperature allowing for defect recombination within the primary collision cascades. 
This results in a reduction in residual damage after implantation. This reduction in 
residual damage was shown by Wendler et al . [14], where the defect concentration in Si 
7 
implanted lnP was shown to reduce with increasing implantation temperature as a result 
of dynamic annealin g. 
Increasi ng the incident ion energy shifts the maximum of the ion distribution in the 
crystal lattice to greater depths as the nuclear energy loss occurs at the end of the range 
of the implanted ions . In addition , thi s max imum value decreases due to enhanced 
straggling of the high energetic ions . 
1.4.1 Amorphisation Models 
Homogenous amorphi sation is generally associated wi th the steady accumul ation of 
point defects until a critical concentration is reached; after this point amorphisation can 
occur spontaneously being the energetically favourable route. Ion irradiation induced 
amorphisation is generally attributed to heterogeneous amorphisation . In this case the 
amorphous clusters are produced wi thin a single ion impact, which accumulates to form 
an extended amorphous layer with continued irradiation. Heterogeneous amorphi sation 
has been associated with several poss ible mechanisms. These include direct-impact 
amorphisation; overl ap of colli sion cascades as a result of local accumul at ion of hi gh 
defect concentrations; nucleation and growth ; or a combination of these mode ls . 
Severa l models, mechanisms and simul ations have been suggested to describe the 
amorph isat ion behaviou r of materials . Jencic et al . [ 18) modelled amorphous zones in 
semiconductors using the randomi sation-and-relaxation method, however, they found no 
significant difference between AIGaAs and GaAs with thi s model. Brown and Willi ams 
[ 19] used the Morehead and Crowder model [20) to describe the amorphous layer 
format ion. Nord et al. [2 1] have discussed the G ibbons model, the amorph isation theory 
of Wan g el al . [ I 2), and the Hecking model [22) to define the amorphisation behaviour 
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of Si, Ge and GaAs. They found the Hecking model and the model of Wang et al. both 
give good fits to the amorphous fraction fomiation during ion irradiation. The Hecking 
model has been widely used (10, 23, 24] to describe the amorphisation behaviour of Ill-
y semiconductors including AJG1_xaAs and InxGa1_,As. On this basis, the Hecking 
model was chosen to model the damage formation for all materials in this thesis. A good 
reference for amorphisation mechanisms and models is a review by Weber (25]. 
1.4.1.1 The Hecking Model 
Hecking et al . (22] investi gated the ion fluence and temperature dependent damage in Si 
from temperatures ranging from 125 K to 475 K and proposed a new model for defect 
interaction and amorphisation. They identified various stages of the damage 
accumulation process which included: a proportional increase in damage with fluence 
(low fluence region); an increasing recombination of defects; stabilisation of defects in 
clusters and progressive increase of amorphised regions; and disorder saturation 
resulting in continuous amorphous regions. 
Hecking et al . defined amorphisation as occurring from point defects or from amorphous 
regions or both. They developed a model that takes into account recombination, 
clustering and saturation of point defects along with direct-impact and interface 
stimulated amorphisation thus allowing fo r modelling of various stages of damage build 
up depending on temperature and ion flu ence. The interface-stimulated term takes into 
account the defect-stimulated, cascade-stimulated or implanted-ion-stimulated growth of 
amorphous regions. They ex press disorder production mathematically as two differential 
equations: 
dfv 
dN1 
z ' ( fv)- dfa ___l!:__ (1.2) Pp [e(-RNi) j (l-fa) +C[p l-fv* dN
1
l-fa 
dfa 
dN1 (Pa+ Asfa)(l - fa) (1.3) 
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Here the accumulated amorphous fraction f = fp + fa, where fp is the relative fractions of 
point defects and fa is the relative fraction of amorphous regions. Pp and Pa are 
parameters for primary production of point defects and amorphous regions; A, is the 
stimulated amorphisation term; R, C and s~ refer to recombination, clustering and 
saturation of point defects and N1 is the ion fluence. Hecking et al . Introduced the term 
(1 -fa) to allow fo r the fac t that simple defects are only produced in crystalline regions . A 
solution to the above differential equations is given by Weber [25): 
f = l - (Pa + As) 
{Pa + A
5
ef(Pa+As)N/l} (1.4) 
where Pa and A, a.re the probabilities fo r direct-impact and stimulated amorphisation , 
respectively. 
1.5 Comparison of AlxGa1-xAs and lnxGa1-xAs 
The observed difference in the amorphisation behaviour of Ino.s3Gao.41As (10] and 
AlxGa 1.xAs, [9] in comparison to their respective binary extremes, fo rms the basi s of this 
thes is . This section outlines the findings of these two studies and a brief overview of the 
literature in relat ion to them. 
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1.5.1 AlxGa1-xAs 
Both AlAs and GaAs have a zinc-blende structure and have almost si.m.ilar lattice 
constants, 5.6615 A and 5.6533 A respectively. Hence, when AlAs and GaAs are 
'mixed ' together , the resulting AlGaAs is ex pected to be like an alloy of AlAs and GaAs 
and follow the Virtual Crystal Approximation (VCA) model. This model suggests that in 
a ternary compound like A,B1.,C , the atoms are located at the ' ideal' lattice sites of the 
average unit cell, without any distortions. 
The amorphisation of AJ,Ga1.xAs has been extensively studied [9 , 23 , 26-34]. The 
higher the Al content , the more difficult it is to amorphise the ternary alloy. Tan et al. 
[9] also showed that in Al,Ga1 .xAs , the threshold ion fluen ce fo r amorphisati on increases 
with increasing Al content (see Figure 1-4). The amorphisation threshold of the two 
binary extremes (GaAs and AlAs) differs by two orders of magnitude (see Figure 1-3). 
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Figure 1-3 Amorphisation of AlxGa 1.xAs from Tan et al. [9]. Irradiations were performed at liquid-
nitrogen temperature. Chi"''" of0 % and 100% correspond to unimplanted and amorphous materia l, 
respectively . 
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Figure 1-4 Amorphisation threshold for AlxGa 1_x As taken from Tan et al. [9]. 
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Tan et al. suggested that for lower Al content, amorphisation occurs via overlap of 
damage cascades and amorphous zones created by incident ions. Whereas for higher Al 
content , disorder builds up in the form of stacking faults and other extended defects until 
a critical defect density is reached, after which the material collapses into an amorphous 
phase with any further increase in ion fluence (35]. 
Lagow et al. (31] reported simi lar observations for AlxGa1.xAs with respect to higher ion 
fluence required for amorphisation with increasing Al content. However, they 
questioned the need for formation of planar defects or extended defects prior to 
amorphlsation, as that would require dynamic annealing, and dynamic annealing is in 
contradiction to the experimental fact that the damage accumulation at such low 
temperatures is nearly independent of the flux . Hence , they suggested a model which 
avoids the need for formation of planar defects prior to amorphisation. They assumed 
that direct impact amorphisation and point defect build up processes are also responsible 
for damage formation in the case of x > 0.8. This means the amorphisation mechanism 
does not change for the entire range of x. Based on the composition dependence of 
density , heat capacity and melting temperature (which ultimately effect the thermal 
spike lifetime responsible for determining the vacancy distribution in the cascade 
volume), Lagow et al. conclude that the probability for creating an amorphous pocket 
should decrease rapidly with increasing x . This may explain the strong dependence of 
damage formation on the composition [28]. 
Data from Figure 1-3 was fit using Eq. 1.4 to obtain values of Pa and As, and is shown in 
Figure 1-5. 
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Figure 1-5 Probabilities for direct impact (Pal and stimulated (A,) amorphisation as a function of Al 
content (x) for AlxGa1 .xAs. 
From Fi gure 1-5 it is ev ident that stimulated amorphi sation process (A,) is dominant 
re lati ve to direct impact amorphisation (Pa) over the entire range of x . In addition, A, 
shows a trend similar to the amorphisation thresho ld repon ed fo r AlxGa1 .xAs by Tan et 
al . [9], as was shown in Figure 1-4 . 
1.5.2 lnxGa1-xAS 
Compared w ith A lxGa 1_xAs, the two binary extremes in lnxGa 1-xAs di ffe r cons iderably in 
terms of thei r lattice constant , w ith GaAs having a lattice constant of 5.6533 A and lnAs 
6.0583 A. However , they both have the same z inc-blende crystal stru cture . 
Although , amorphous-laye r format ion in lnxGa 1.xAs by ion impl antat ion has been 
prev iously investigated by several authors [36-38], its rapid amorph isation behav iour 
[ 10] was not apparent in the absence of a compari son with both Jn As and GaAs . Akano 
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et al. [36] compared disorder and dynamic annealing processes in Ino.s3Gao41As and InP 
as a function of implantation temperature and flux. They reported that Ino.s3Gao .47As was 
more difficult to amorphise than InP. Yu and Hsu [37 , 38] studied amorphous-layer 
formation in InxGa1., As for x = 0 - 0.5 and suggested that a homogeneous 
amorphisation process was operative at room temperature in the presence of significant 
dynamic annealing. In contrast, a heterogeneous process dominated at liquid-nitrogen 
implant temperatures, where dynamic annealing was much reduced. 
Wesch and Ridgway [10] studied the amorphisation behaviour of Ino.s3Gao41As at room 
temperature and at 15 K. They found that the critical nuclear energy deposition required 
to amorphise In053Gao 41As was less than that required for both InAs or GaAs (see 
Figure J-6). This is in contrast to the amorphisation behaviour of AlxGa1.xAs, where the 
critical nuclear energy deposition required to amorphise AlxGa1.xAs is between the two 
binary extremes, A!As and GaAs, as reported in the section 1.5.1. They used the 
Hecking model [22] of defect interaction and amorphisation to model the amorphisation 
behaviour of In053Gao 41As, InAs and GaAs. They concluded that rapid amorphisation of 
Ino.s3Gao41As resulted from a greater probability of stimulated amorphisation. A detailed 
description of InxGa1.xAs amorphisation along with Pa and A, curves will be discussed in 
Chapter 3. 
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Wesch and Ridgway suggested that the rapid amorphi sation of ln053Gao .47As was a 
result of a greater probability of stimulated amorphisation, and that the amorphous 
nuc lei , produced as a result of ion irradiation , serve as a means of relieving the strain 
present (at the atomic scale) due to the significant difference in In-As and Ga-As bond 
lengths, as reported both theoreticall y [39] and experimenta ll y [40]. 
Empiri ca ll y, the structure of In xGa 1.xAs has been in vesti gated in detail by Mikkelsen and 
Boyce [40] using EXAFS. They found that although the cation - cation di stance is close 
to the VC A , there is a significant dev iation from the VCA in the near-neighbour cation -
anion distances (see Figure 1-7) . The In-As and Ga-As bond len gths in ln xGa1.xAs 
remain c loser to the binary lnA s and GaA s bond lengths, as opposed to following the 
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VCA. Also, the cation - anion distance was found to be bimodal, with the As-Ga-As and 
In-As-In distances staying close to those in pure GaAs and InAs . 
"~ ~.5il ~---r-'"~-~'.-~~-v~-=} 
u, 
~ r 
; Z.55 r 
.... 
f' 
/ 
~ r 
-- I 
"' I ~ ~ 
"'- ~ '-7 i ~Jt~ r 
.(/ 
:i,:; f,l,1' Y /// 
-~~ 
V!fl,l'lJAb 
CfC'\/'STAl 
-~-- __ __... 
I l::. / / _.,( 
,,.,.,rJ' T 
./ . . .--,-
... ,, _> ,_--·-·-·-;:!- __ _ 
{h1 - A i 
2.4~ 
fJ 
Ga.A~ 
Q,Z 0,"1 ij)_ ffl lil,6 
Cot•IPO$,IT!'ON j); In th 1_, ln,A<! 
--- --
. 
1,0 
i-n~ 
Figure 1-7 In-As and Ga-As bond length as a function of alloy composition determined using 
EXAFS from [40]. 
The data shown in Figure 1-7 were modelled theoretically by Cai and Thorpe [39]. Their 
model described a topological rigidity parameter (a**) as a measure of the rigidity of the 
lattice . a** was calculated as 0 .8 for InxGa1_xAs. Here , when a** = 1, only bond bending 
is active and at the other extreme , when a** = 0 , only bond stretching is active. This 
parameter, as it applies to lnxGa1-xAs, InxGa1-xP and Si1-xGex will be discussed in more 
detail in Chapters 3, 4 and 5. 
InxGa1_xP is very similar to InxGa1_xAs in terms of the difference in lattice constant 
between InP (5 .869 A) and GaP (5.451 A) . It has shown to have a similar bimodal cation 
- anion bond length as observed in InxGa1_,As [41]. Si1_xGex has also been shown to 
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have a composition dependent bond length [42] similar to both lnxGa1_, As and 
In,Ga1_,P. To examine if the amorphi sation behaviour observed in In,Ga1_,P and 
Si 1_,Ge, is also similar to that of In, Ga1_, As, thi s thes is in vestigates the amorphisation 
kineti cs of In, Ga 1_,P in Chapter 4 and Si 1_, Ge, in Chapter 5. 
1.6 Thesis Structure 
Thi s thesis consists of six chapters as foll ows: 
Chapter 1: has given a brief introduction to the topic and the contents of this thesis along 
with a general literature review and background to the research work presented in this 
thesis. 
Chapter 2: discusses the most significant experimental techniques uti lised and sample 
preparation techniques . 
Chapter 3 , 4 and 5 present the studies caJTied out on lnxGa1 -xAs, lnxGa1_, P and Si1_xGex, 
respect ively, along with a rev iew of literature pertinent to each mate ri al. 
Chapter 6: presents a conclusion and suggestions fo r future work. 
18 
Chapter 2 Experimental Techniques 
2.1 Ion Implantation 
An introduction to ion implantation technique was given in section 1.2. This section 
describes the instrumentation for ion implantation. 
2.1.1 NEC Tandem (5SDH) High-Energy Ion Implanter 
An ion implanter typically consists of a source, where ions of the desired element are 
produced; an accelerator, where the ions are electrostatically accelerated to a high 
energy; and a target chamber, where the ions impinge on a target. The actual amount of 
material (ions) implanted is the ion fluence. 
The Electronic Materials Engineering Department (EME) at ANU houses a 1.7 MV 
NEC Tandem high-energy ion implanter. A schematic diagram of thi~ machine is shown 
in Figure 2-1. 
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Figure 2-1 Schematic of the National Electrostatics Corporation SSDH-4 1.7 MV high energy ion 
implanter. 
The ion implantation facility at the ANU is a high-current , high-energy tandem 
accelerator which uses a "Source of negati ve ions by Caesium sputtering" (SN ICS II ) to 
produce negati ve ions. Cs vapour is ioni sed by the hot ioniser , producing Cs+ ions . 
These ions are accelerated towards the cathode maintained at a potential of - (5 - 10) 
kV , sputtering particles from it through the condensed Cs layer on the surface of the 
cathode. Most sputtered panicles are neutral , however , some sputter as negative ions and 
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others as positive. Negative ions are accelerated away from the cathode through an 
extractor having a potential of around 10 - 15 kV. This process is outlined in Figure 2-2 
below. 
Cathode r;::==i:====== ==::;;i 
0 0 0 0 0 0 
0 0 0 0 0 
+10-15KV 
Figure 2-2 Schematic of Source of Negative Ions by Cs Sputtering (SNICS II). 
An additional acceleration with a bias potential of 45 - 60 kV and an Einzel lens are 
used to increase the energy and focus the beam, respectively . The negative ions then 
pass through the 90° electromagnet to select the desired ion mass and eliminate any 
impurities. The relationship between the magnetic field (B) , the mass (m) and the charge 
(q) of the ions is given by the following equation: 
B = ,fz /mV 
r rq 
where r is the bending radius of the magnet and V is the source potential. 
(2.1) 
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Using an Ei nzel lens, the beam is then focused into the high energy tandem accelerator. 
This has ground potential at both ends and a positi vely charged high voltage terminal in 
the middle. The terminal can reach a maximum potential of 1.7 MY . Positive charge is 
supplied to this terminal by four nylon chains interconnected wi th steel pellets. N2 is 
used as a stripper gas which converts the incoming negati ve ions into positive ions. 
These positively charged particles are repelled by the high voltage terminal, thu s further 
acceleratin g them with the final energy of the ion at the high energy end of the 
accelerator as: 
Er = q[V;(l + n)VtJ (2.2) 
where V; is the total potential out of the ion source and V, is the terminal potential . 
The ions exi ting the accelerator have a range of energies dependin g on their charge state . 
A second electromagnet is used for energy anal ysis to select the desired charged state of 
the ions . The ion beam is then raster scanned in the x and y-planes to produce a uniform 
distribution of the beam on the target. 
The samples are mounted on a variable temperature sample holder made of Ni. A Cu 
cage surrounds the target. This is maintained at -300 V to su ppress any secondary 
electrons and at liquid N2 temperature to avoid surface contamination from 
hydrocarbons during the irradiation process. The impl anted area A is defined by a Ta 
aperture placed before the sample holder. Current / can be measured on the target to 
provide a measure of the impl anted ion fluence ct>, usi ng Eq. 2.3. 
1 ft <P = - I dt 
nqA 0 
(2 .3) 
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A detailed discussion of the ion implantation process is out of the scope of this thesis 
and readers are directed to references [43] and [44] . 
2.2 Rutherford Backscattering Spectrometry -
Channelling 
RBS is an ion beam technique widely used for quantitative analysis of composition and 
structural disorder in semiconducting materials. 
High energy alpha particles (2 MeV He+ used in this study) are directed onto the sample 
and the energy of the backscattered projectiles is recorded with an energy sensitive 
detector (solid state detector). The incident ions, having mass M 1 and initial energy E0 , 
are elastically scattered from the atoms in the sample. The interaction between the 
atomic nuclei can be modelled using the ' hard sphere model' of elas_tic collisions , which 
uses simple laws of conservation of energy and momentum. The resulting energy E 1, of 
the backscattered ions is given by E 1 = KE0, where K is the kinematic factor given by: 
K = E1 = {[1 - (M1 sin 0)2] + M1 ~os 0} 
£
0 
2 
l+M1 
M2 
(2.4) 
where 8 is the scattering angle and M2 is the mass of the target nucleus initially at rest. 
By measuring the energy of the scattered ions , at a fixed angle, we can detennine the 
composition of the sample as a function of depth. E 1 will also vary depending on 
whether the particles backscatter from the surface of the sample (higher E1) or from 
some depth within the sample (lower E 1). This difference in energy , as a result of the 
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distance travell ed by incident ion within the sample, helps determine the sample layer 
thickness (depth profiling). 
The probability that a backscattered particle will scatter into the detector at a given angle 
is called the scattering cross section , and is given by: 
da (Z1Z2 e 2 ) 2 4 
dD. = ~ s in 4 B 
2 [p- (~
2
sin B) + cos Bl 
j l _ (M1~~n 0) (2.5) 
where Z 1 and Z2 are the atomic numbers of incident and target partic les, respecti ve ly; 
M 1 and M2 are the masses of incident and target particles, respecti vely; and E is energy 
of inc ident partic le . A schematic for this is shown in Figure 2-3. 
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Figure 2-3 Schematic depicting the scattering cross section [45]. 
Here, do represents a fi nite region for an incoming particle , whereas dO represents the 
solid scattering angle after the scatterin g event. The scattering cross section is di rectly 
proportional to the square of the atomic number of the target atom and thus we ex pect a 
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larger scattering cross section for heavier atoms. This implies that RBS is more sensitive 
for heavier elements (greater yield) than for lighter elements. 
If a crystalline sample is aligned such that the rows of atoms in the lattice are parallel to 
the incident He+ beam direction then the number of backscattered particles is greatly 
reduced. This is known as channelling because the particles are steered by the rows of 
atoms and penetrate much deeper into the sample (crystal) with a reduced probability of 
coming into contact with a scatterer (Figure 2-4). Any crystalline imperfections in the 
sample will lead to an increase in backscattered ion yield. This occurs because any 
defects within the crystal provide a source of scattering for the channelled particles into 
non-channelling paths. This scattering process is known as dechannelling. Each defect 
has a specific effect on the channelled particle and can be associated with a 
corresponding dechannelling factor. Hence, channelling can be used as a measure of the 
depth profile and the type of defects present in the material. The difference in yield of 
backscattered particles between an aligned and a non-aligned sample is an indication of 
the crystallinity of the material. 
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Figure 2-4 Artist's conception of the channeUing process on a microscopic sca le adapted from [46 , 
47]. 
Some dechannellin g, however, does occur in perfect crystals . As a result of mul tiple 
scattering from the target nuclei and electrons, the transverse energy of the channelled 
part icles stead ily increases as it channels into the target. Eventuall y some particles 
acquire enough tran sverse energy to overcome the potential barrier of the channel and 
escape into the crystal as part of the random beam component , i.e . are dechannelled. The 
dechannelled frac ti on is a monotonicall y increasing fun ction of penetrat ion depth 
because , part icles once dechannelled , remain so . It is important to note that the 
experi mentally measured yield (see Figure 2-5) is the sum of the yield from channelled 
parti cles scattered d irectly from di splaced atoms and that from dechannell ed particles 
scattered from all atoms in the target. 
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Figure 2-5 RBS measurements on crystalline lnAs showing both random and channelled spectra . 
The surface peaks from both In and As atoms are also shown. 
Even when a sample is aligned in the channelling direction, the He+ particles will 
backscatter from the first few mono layers of the material at the same rate as a non-
aligned material leading to surface peaks in backscattering spectra (Figure 2-5). The 
RBS-C measurement shown here was performed on crystalline InAs and the surface 
peaks can be seen , as indicated , resulting from the ln and As atoms . Given the 
scattering cross section (hence the yield) is directly proportional to the square of the 
atomic number of the target atom as per Eq. 2.5, we expect the ratio of yield seen in 
Figure 2-5 to fo llow the same rule. The ratio of the atomic number for In and As is "" 
2.21. The yield for In is "' 58 and that for As is "' 26 with the ratio between them being "' 
2.23. 
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F igure 2-6 shows the channelled data for In053Ga(l.47As irradiated at 300 K using 60 keY 
74Ge ions . T he conversion from backscattered ion energy to depth was perfo rmed using 
the DICADA program [48) . 
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Figure 2-6 RBS-C spectra of ln033Ga0_47As irradiated at 300 K. 
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The amount of disorder increases w ith increas ing ion fluence. Observation of this 
increased damage is a result of d irect backscattering of the inc ident ions and is indicati ve 
of the fo rmation of point defects , cl usters and poss ibl y small pockets of amorphous 
zones created by indi vidual ion tracks . As the ion fl uence increases , the density of these 
defects increases , thus resulting in a higher backscattered yield , until it reaches the 
random level. In thi s case , an ion flu ence of 2 x 10 14 cm·2 was suffic ient to am orphise 
lno5 3Gao 47As. Any further increase in ion fl uence would onl y resul t in an increase in the 
amorphous layer thickness. 
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Channelling can be performed along several directions including <100> , <110> and 
<111>. The degree of channelling will vary from one channelling direction to another 
based on the distance between atoms in a row. However , the <100> direction was 
chosen for this study for convenience as it is perpendicular to the surface and makes 
sample alignment easier. References [ 4 7 , 49] contain detailed discussions of the 
channelling process. 
The Department of Electronic Materials Engineering has a 3SDH pelletron accelerator. 
A schematic of this machine is shown in Figure 2-7. It operates in a similar way to the 
ion implanter described in Section 2.1.1. A radio-frequency (RF) source is used to ionise 
He gas to He+ ions. Rb vapour is used to reduce He+ to He- ions. These ions are then 
accelerated through the high voltage terminal. An electromagnet is used to select the 
desired ion charge state (He+ in this case) before impinging on the target. The samples 
are mounted on a 4-axis goniometer (with two rotational and two translational axes) for 
RBS-C measurements. The angular 01ientation can be stepped in 0 .1 ° increments 
sufficient to align the sample with a channelling direction. Backscattered ions are 
collected by two Si Au-smface barrier detectors; one fixed at a scattering angle of 168° 
while the other is moveable in the scattering angle range of 90 - 120°. 
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Figure 2-7 Schematic of the Nation al Electrosta tics Corpora tion 3SDH pelletron accelerator 
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In this thesis, RBS was used to determine the stoichiometry of the as-grown epitaxial 
layers and to quantify the implantation induced disorder via channelling. Figure 2-8 
shows a RUMP simulation to determine the stoichiometry of the as grown Si0.50Ge0.so. 
The Si fraction was found to be 0.54 ± 0.02 and the Ge fraction 0.46 ± 0.02. Similar 
analysis was applied to all materials to determine the actual stoichiometry as opposed to 
the nominal one. 
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Figure 2-8 RUMP simulation for Si1_,Ge, RBS data. 
From the RBS-C spectra, the quantity l'.X,mi n was calculated using: 
/j, Y,mplanted - Yunimplanted 
Xmin y 
random - Yunimplanted 
(2.6) 
where Yimplanted and Y uni mplanted are the integrated backscattered ion yields over a 
particular region of interest in the channelling direction for the implanted and 
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unimplanted sample, respectively, and Y random is the random yield. 6Xmin is an 
approximate measure of lattice disorder. A 6Xmin value of zero corresponds to 
unimplanted material , while a value of one represents no epitaxial alignment, consistent 
with amorphous material. These 6Xmin values were then fit using the Hecking model to 
yield the probabilities for direct impact (A,) and stimulated amorphisations (Pa)-
2.3 Extended X-ray Absorption Fine Structure 
EXAFS is a powerful analys is technique used to study the local atomic structure 
including bond length , coordination number, type of neighbour and structural disorder 
[50]. This phenomenon was first reported by Fricke [51] and early theoretical work was 
carried out by Kronig [52]. The development of synchrotron radiation revolutionised the 
EXAFS technique, enabling experiments to be performed in a much superior manner 
due to the tunability and intensity of a synchrotron source. Since the 1970s when we saw 
the development of modern EXAFS theory, this technique has received considerable 
attention and has been used as a quantitative structural tool across a variety of scientific 
disciplines . An excellent reference [53] deals with the theory of EXAFS [54], data 
analysis [55], and applicat ions in fields such as biochemistry [56], catalysis [57J, and 
amorphous and liquid systems [35]. 
Figure 2-9 shows a typical layout of a synchrotron radiation facility. Electrons are first 
produced via the electron gun and accelerated to relativistic velociti es using a linear 
accelerato r and then tran sferred to the booster ring where the electrons increase in 
energy to a few GeY. They are then transferred to the outer storage ring. The straight 
sections of the storage ring contain inse11ion devices (IDs) such as wigglers and 
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undulators. It is the deflection of the electrons through the magnetic field of the bending 
magnet and IDs which produces the synchrotron radiation. 
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Figure 2-9 Typical layout of a synchrotron facility. Adapted from [58]. 
IDs are used to significantly increase the beam intensity by the use of alternating 
magnetic fields that force the electrons to osci llate either strongly in the case of a 
wiggler or gently as in an undulator. An illustration of how the electron beam is 
deflected by a bending magnet, wiggler and an undulator is shown in Figure 2-10. 
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(a) Bending Magnet (b) Wiggler (c) Undulator 
Figure 2-10 Illustration of (a) a bending magnet, (b) wiggler and (c) an undulator used to deflect the 
electron beam under the influence of a magnetic field hence producing synchrotron radiation (from 
[59]). 
The main difference between radiation produced by a wiggler and undulator is that the 
wiggler has a broad spectrum of incoherent radiation with a continuous energy 
spectrum. An undulator , on the other hand , produces a coherent beam which has very 
intense radiation concentrated in narrow energy bands of the radiation spectrum. The 
characteristics of the resulting beam dictate which ID would be best suited for a 
particular experi ment. 
2.3.1 Theory ofEXAFS 
According to the Beer-Lambert Law , the transmitted intensity (Ii) throu gh a sample is 
related to the sample thickness t via an exponential attenuation law such that: 
1c = !0 e-µ (E)t (2.7) 
where 10 is the incident intensity and Jt(E) is the energy dependent x-ray absorption 
coefficient [60] varying wi th atom ic number Z such that: 
pZ4 
µ(E) "" A£3 (2.8) 
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where p is the target density and A is the atomic mass . In the fluorescence mode 
µ(E) oc 11 la , where Ir is the fluorescence intensity associated with the absorption 
process. In general , µ(E) decreases with increasing photon energy except when the 
photon energy equals that of a core level electron ( or absorption edge) where there is a 
sharp increase in µ(E) . It is the modulation of the x-ray absorption coefficient (µ) at 
energies just above an x-ray absorption edge that forms the basis of EXAFS. 
2.3.1.1 X-ray Absorption 
X-rays are absorbed by all matter through the photo-electric effect , resulting in the 
promotion of a core level electron (K, L or M shell) into the continuum leaving the atom 
in an excited state with an empty electronic level (a core hole) . The electron ejected 
from the atom is called the photo-electron . This process is shown schematically in 
Figure 2-11 . 
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Figure 2-11 The photoelectric effect. An x-ray is absorbed and a core level electron is ejected from 
the atom and into the continuum. 
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The resulting photo-electron (treated quantum mechanical ly as a spherical wave) is 
scattered by the neighbouring atoms; the outgoing and the scattered waves can interfere 
construct ively and/or destructively leadi ng to an interference pattern. This phenomenon 
of outgoing waves interacting with neighbouring atoms is shown in Figure 2- 12 . 
.... 4~::::::--·• .. 
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Figure 2-12 Interference between outgoing photo-electron wave and the backscatter from the 
neighbouring atoms. 
This interference is dependent on the photo-electron wavelength and the geometry of the 
surrounding atoms in relation to the absorber. As the photo-e lectron energy changes, the 
wavelength A changes and hence the phase shift between the outgoin g and scattering 
wave is changed. The constructi ve and destructive interference give ri se to an energy 
dependent fi ne structure in the absorbance, as shown in Figu re 2-1 3. The modulations 
seen in the above edge (EXAFS) region are especiall y sensiti ve to co-ordinati on 
number, di stances, stru ctural and vibrational di sorder, and the species of atoms 
su1Toundin g the absorbing atom . 
Figure 2-1 3 shows the X-ray absorption fin e structure (XAFS) at the Ga K edge from a 
crysta lli ne GaAs sample. When the incident x- ray has an energy equal to that of the 
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binding energy of a core-level electron, there is a sharp rise in absorption resulting in an 
absorption edge corresponding to the promotion of this core-level to the continuum. 
EXAFS is the modulation in x-ray absorption coefficient above the edge. 
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Figure 2-13 Ga K edge XAFS for crystalline GaAs. 
The region immediately above the absorption edge (30 - 50 eV) is known as the X-ray 
absorption near edge structure (XANES), and the region further past the edge (to~ 1000 
eV) is the extended XAFS or EXAFS . 
XANES is a result of the core electron being excited to an unoccupied bound orbital. 
Consequently XANES is sensitive to the chemical bonding (oxidation states) of the 
absorbing atom. XANES also depends on the geometry of the crystal structure thus 
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providing a means of distinguishing between diffe rent crystal phases. Anal ys is of 
XANES typically compares the measured spectra to known standards and quantifies 
the ir ratios in the sample by using linear combination fittin g. 
EXAFS is independent of chemical bonding and depends on the atomic arrangement 
a.round the absorber. It contains information about the coordination number , interatomic 
distances and structural and thermal disorder around a particular atomic species . EXAFS 
is not limited to materials with long range o rder (as XRD is) and is well suited to 
materials that have onl y short range order. Hence, thi s technique is well suited to the 
study of amorphous or disordered materials. 
Only the EXAFS region of the measured samples was investi gated as part of this thes is 
to determine bond lengths , bond angles and structural disorder. 
2.3.1.2 The EXAFS Equation 
The EXAFS fine structure function x(E) is defined as: 
x(E) = µ(E) - µa(E) 
t1µ a (E) (2 .9) 
where ,u(E) is the measured absorption coeffic ient which gives the probability that an x-
ray will be absorbed, µ0(E) the smooth background fu nction representing the absorpt ion 
of an isolated atom without any in te1fe rence fro m waves scattered by neighbouring 
atoms , and l'.µ 0(E) is the measured jump in the absorption µ (E) at the thresho ld energy 
Eo [60]. 
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The EXAFS function X can also be represented in terms of a wave number k as EXAFS 
is best understood through the wave behaviour of the photo-electron: 
k= 
2m(E - £0) 
ft2 
(2 .10) 
Herem is the electron mass, E0 is the edge energy and h is Planck' s constant divided by 
2n. X(k) is a summation of the contributions from each scattering shell and is defined as : 
L f(k) _3:!!.i_ 2 2 x(k) = SJNj -1- 2 e A(kle- 2"ik sin[2kRj + 2oc(k) + oik)] kR j 1 (2 .11) 
Ni represents the number of atoms in the / shell or coordination number around the 
absorbing atom at interatomic distance Rj , IJ(k) = liJ(k) leioi(~) is the complex 
backscattering amplitude . The strength of scattering and thus the magnitude of the 
EXAFS depends on the number (Ni) and type of scattering atoms and scattering 
amplitude lfi(k) I. SJ is the amplitude reduction factor, which takes into account the 
relaxation of the remaining electrons in the absorbing atom after the creation of a core-
hole [61]. a/ is the Debye-Waller factor and is the relative mean square displacement 
between absorbing atom and/ atom from both static and thermal contributions. 
Oc(k) is the phase shift experienced by the photo-electron wave in the potential of the 
absorbing atom. The potential of the absorbing or scattering atom leads to a phase shift 
of the electron wave represented by lie and Oi , respectively. The absorber potential acts 
twice on the electron wave , once on the way out and once after being backscattered . The 
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resulting term 28c(k) + 8j(k) appears in the sine function of the EXAFS equation. The sin 
[2 kRj] te1m accounts fo r contributions to the interference pattern from both the photo-
electron energy and the interatomic distance. 
_ 2Rj 
The term e -<CkJ represents the finite lifetimes of the core-hole and the photo-e lectron 
and accounts for the increasing decay of the wave with increas ing di stance Rj. Both 
effects are similar in magnitude and are included via the energy-dependent mean free 
path length A(k) , i.e . the distance travelled by the photo-electron before scattering 
inelastically or before the core hole is filled (A(k) "" SA). 
2.3.1.3 Corrections to the EXAFS equation 
An improvement to EXAFS theory was the inclusion of multiple scattering and curved 
wave effects by Rehr and Albers (62]. Multiple scattering occurs when the photo-
electron wave scatters off two or more neighbours. The effective scattering path is 
determined by the geometry of the scatterers and is larger for a multiple scattering path 
as compared with a single scattering path of an atom in the nearest neighbour shell. The 
other correct ion to the EXAFS equation was replacing the plane wave scattering 
amplitude f(k) by a curved wave effecti ve scattering amplitude [ ,,(k,R). Computer code 
such as FEFF (61] calculates not onl y effecti ve scattering amplitudes fo r a given 
absorber envixonment but also other k-dependent parameters such as 8c(k), Oj(k) and 
A( k) , thus enabling a refi nement of the structura l parameters by comparing theoretical 
and experimental data. 
2.3.1.4 EXAFS Data Analysis 
EXAFS ex periments are a measure of the absorption coefficient as a fun ction of energy, 
i.e. , µ (E). However, to convert thi s to X(k) and then determine the variou s structural 
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parameters requires several steps such as background subtraction , normalisation and 
alignment of the EXAFS data, etc. Most of these steps can be performed with the help of 
the computer program ATHENA [63] . Figure 2-14 outlines some of the steps involved 
in the extraction of the EXAFS oscillations and structural refinement using A THEN A. 
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Figure 2-14 An example of the various stages of EXAFS data analysis shown using Ge K edge data: 
(a) Raw EXAFS data with background, pre and post-edge functions, (b) k3 weighted x(k) , (c) 
conversion of x(k) to R-space using Fourier Transform, and (d) Back Fourier Transformed data 
showing scattering contributions from the first nearest neighbour shell only. 
Figure 2-14 (a) shows the raw EXAFS data showing p(E) as a function of energy for 
crystalline Ge at the K-edge. The first step in data reduction is to subtract a smooth pre-
edge function to eliminate any instrumental background and absorption from other 
edges. The second step is to approximate the absorption background µ.(E) by a spline 
function that approaches a smooth post-edge function at high energies. This isolates the 
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fine structure . Data is then normalised with respect to the height of the absorption edge 
to remove an y sample concentration and thickness effects. The position of Eo is 
determined from the maximum of the first derivative of the absorption spectra Jt(E). The 
pre-edge, post-edge and background along with the raw EXAFS data fo r crystalline Ge 
is shown in Figure 2-14 (a). 
The data is then converted from x(E) to x(k) using Eq. 2 .10 as EXAFS is best understood 
in terms of wave behaviour of the photo-electron created in the absorption process . x(k) 
is oscillatory and decays quickly with k , hence , to emphasise the high k, x(k) is usuall y 
shown as k3 weighted as is shown in Figure 2-14 (b). Care must be taken when choosing 
to emphasise high k data as any noise in the data wi ll also be emphasised . 
To convert the x(k) k3 weighted data in R-space , the data is Fourier Transformed (FT) 
over a suitable k range using a smooth window function. The k-ran ge used in Figure 
2-14 (b) is 3.7 - 15.2 A- 1 using a Hanning window function. The choi ce of k-range is 
governed by wanting to avoid contributions from the XANES region at the lower end 
and excessive noise being included from the end of the spectrum . A Hanning window (a 
mathematical function) is used to reduce alias ing in Fourier transforms i.e . to reduce the 
effect that causes different signals to become indi stingui shable. 
The fi t to the data in R-space shown in Fi gure 2-14 (c) , FEFF6 [6 1] and ARTEMIS [63] 
were used. Both ARTEMIS and ATHENA are part of the IFEFFIT code [64]. Although 
fit s can also be perfo rmed in the q (back Fourier transform) and k space, R-space was 
chosen as it gave the best fit as determined by the lowest statistical parameters for the fit 
(meas urement uncertainty). Thi s and other stati stical parameters for the fit are obtained 
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through ARTEMIS . EXAFS data is most commonly presented in the R-space as it 
provides a visual display of the radial distribution of atoms. Note that historically data 
shown in R-space is not phase corrected . This norm has been followed in this thesis as 
well. 
A back FT can be performed to isolate scattering contributions from a particular nearest 
neighbour. Figure 2-14 (d) shows the back FT for Ge first nearest neighbour performed 
over an R range of 1.3 - 2 .9 A. The Hanning window used for the back FT is shown in 
Figure 2-14 ( c) . The resulting back FT is dominated by a single frequency as it consists 
of contributions from the first nearest neighbour only , which in this case is Ge . 
Details of data fitting are discussed in Chapters 4, 5 and 6 as relevant to each material. 
A detailed description of EXAFS data reduction and modelling can be found in several 
references [55 , 60, 65]. 
2.3.2 Experimental Setup 
Two possible means of measuring the absorption coefficient exist: transmission mode 
and fluorescence mode. Figure 2-15 shows the experimental setup for both modes in the 
context of BL-20B , the Australian National Bearnline Facility (ANBF) at the Photon 
Factory in Tsukuba, Japan . 
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Figure 2-15 Experimental setup of the XA FS experiment at the ANBF on BL-20B depicting both 
transmission and fluorescence measurements. 
In transmission mode both the incoming (Io) and the transmjtted (T,) beam intensities are 
measured using gas filled ion chambers placed before and after the sample, respectively . 
The sample is situated in a cryostat maintained at 10- 15 K to minimise thermal 
vibrations . This is important so that we onl y measure structural disorder as at elevated 
temperatures both structural and thermal disorders are present. The absorption 
coefficient can then be determjned using Eq. 2 .7. Transmjss ion measurements are well 
suited to concentrated samples and usuall y require highl y homogeneous samples free of 
pinholes and having a constant thickness. 
In contrast , using the flu orescence mode, hi ghly dilute , non-homogeneous samples can 
be meas ured . Samples are rotated ~ 45° to the incident beam towards the fluorescence 
detector to minimise elastic scattering and max imj se the signal from the sam pl e into the 
detector. This detect ion mode relies on the characteristic x-rays that are emitted when 
the core-ho le is fi lled with an electron from a higher energy level. Detection of the 
fluorescence signal is however more com plicated compared with the transmiss ion mode . 
The fluorescence signal mu st be isolated from other x-rays , especially the elasticall y 
scattered beam. 
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2.3.2.1 Australian National Beamline Facility (BL-20B) 
The EXAFS experiments in this thesis were performed in the transmission mode at 
beamline 20-B , the hard x-ray Australian National Beamline Facility (ANBF) at the 
Photon Factory (PF) in Tsukuba, Japan. Access to this bearnline was through the 
Australian Synchrotron Research Program (ASRP) . The PF is a second generation 
synchrotron radiation facility (i .e. a dedicated source of synchrotron radiation) with 21 
beamlines that are used by scientists for various experimental techniques . 
The synchrotron source provides a range of x-ray wavelengths using a bending magnet; 
a particular energy is selected by using a monochromator. The monochromator consists 
of two parallel Si (111) crystals oriented at an angle 8 satisfying the Bragg condition for 
a particular energy . The resolution of the monochromator is approximately leV at 10 
ke V. The energy range at the ANBF is 4 - 25 ke V. A schematic of the typical 
experimental setup at BL20-B was shown in Figure 2-15. 
2.4 Summary 
This chapter outlined the main equipment and experimental techniques utilised for the 
data presented in this thesis. An ion implanter was used to implant Ge ions in the 
samples studied in this thesis . RBS was used to determine the composition of the 
epitaxially grown layers for all samples and RBS-C was used to quantify the as-grown 
and the ion implanted disorder in these materials . EXAFS measurements were carried 
out in the transmission mode to determine the strnctural parameters such as bond length , 
bond angle and structural disorder in the crystalline materials. 
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Chapter 3 lnxGa1-xAS 
3.1 Introduction 
The use of In, Ga 1_, As in electronic and photonic device fabrication [l , 3, 4 , 66-68] has 
generated considerable interest in this ternary alloy, whose material properties can be 
precisely tailored by varying the stoichiometry x. The resulting properties are generally 
intermediate between the two binary extremes [7 , 8) including , for example, a band gap 
that progress ively decreases as x increases . In contrast, it has been shown that 
In053Gao41As [10) is rendered amorphous by ion impl antation at flu ences lower than 
those required for both InAs and GaA s . A literature review for In,Ga 1_, As was given in 
Chapter 1, section 1.5 .2. 
Transmiss ion Electron Microscopy (TEM ) was utilised to observe the presence (or 
absence) of mi sfi t di slocations in the as-grown materia l. Us ing Rutherford 
backscattering spectroscopy in the channelling configurati on (RBS-C), the effect of 
mi sfi t di s locations on the amorphisation process was studied. RBS-C was then utili sed 
to deduce the stoichiometry most eas il y amorph ised and identify the mechanism 
govern ing the amorphi sation process. Us ing extended x-ray absorption fine structure 
(EXAFS) spectroscopy, bond- length and bond-angle distribution s for lnxGa 1_x As as well 
as ln As , GaAs and A10_50Gao.soAs were determined and structural di stortion in these 
materials was compared. 
46 
3.2 Experimental 
Epitaxial InxGa1_,As layers, with x = 0.06, 0.28, 0.37 , 0.53, 0.75 and 0.90 , were grown 
by metal organic chemical vapour deposition (MOCVD) on (100) substrates. All 
epitaxial layers were grown using the AIXTRON AIX 200/4 MOCVD facility at the 
Department of Electronic Materials Engineering. Stoichiometries of x = 0.06, 0 .28 and 
0.37 were grown on GaAs, x = 0.53 and 0.75 were grown on lnP while x = 0.90 was 
grown on InAs. The substrate material was chosen to minimise lattice mismatch 
between the substrate and epitaxial layer and hence reduce the misfit dis location density. 
The thickness of the epitaxial layers was 0.10 ± 0.01 µm with the exception of lattice-
matched In053Ga<l47As where the layer was 0.6 µm thick. The lattice matched 
Inos3G8Q41As was grown at 650 °C with a V/III flow rate of 57. All other layers were 
grown under similar conditions. Nominally undoped InAs, GaAs and In,Ga1_xAs 
samples were implanted simultaneous ly with 60 keV 74Ge ions at 300 K. Thicker layers 
(1 - 2 µm) were grown for samples used for EXAFS measurements. 
Figure 3-1 shows a SRIM simulation of the vacancy profile from 60 keV 74Ge implanted 
in lno.s3Gao_47As using full cascade mode and a displacement energy of 25 eV. The 
figure shows that most of the damage is concentrated within~ 0.1 µm from the surface 
of the material. 
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Figure 3-1 Vacancy profile of60 keV 74Ge in In0 53Ga0.47As. 
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Having previously determined the ion fluence required to amorphise ln053Ga047As 
layers (see Figure 2-6) the corresponding athermal vacancy production was determined 
as ~2 .78 vacancies/ A. ion using SRIM simulations. Additional calcul at ions were then 
performed to determ ine the energies required to create a uniform damage layer in the 
thicker samples as shown in Figure 3-2. 
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Figure 3-2 Vacancy profile for multiple energy As implants into 2 µm Iu053Ga0.47As. 
RBS-C was used to measure the implantation-induced disorder on the In sub-lattice for 
In,Ga1 -xAs and InAs samples and on the Ga/As sub-lattices for GaAs samples. The In 
sub-lattice was chosen for In,Ga1 . • As as , in this case , the Ga/ As sub-lattice has 
scattering contributions from the In sub lattice as well. RBS-C measurements were 
performed along the <100> direction with 2.0 MeV He ions and a scattering angle of 
168°. A lesser scattering angle would have yielded superior depth resolution but inferior 
mass resolution. The choice of scattering angle was governed by the need to avoid the 
overlap of scattering contributions from In and Ga/As atoms within the implanted layer. 
From the RBS-C spectra, the backscattered ion yield was integrated over a depth range 
(typically 50 - 350 A) to determine L'lX,nin (see section 2.2). 
In Chapter 2, Figure 2-6 showed a representative RBS-C spectra of Ino.s3Gao.41As (0.6 
µm thick) as a function of fluence , showing only scattering contributions from the In 
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sub-lattice. Clearly an increase in flu ence resulted in an increase in backscattered ion 
yield consistent with the progression of the crystalline-to-amorphous phase 
transfo1mation [ 12]. 
In the SR fM simulations, displacement energies of 25 eV were used for all atoms. L'.X,nin 
data as a function of Tlctpa was fit to the defect interaction and amorphisation model of 
R ecking et al. (22 , 25] to determine the probabilities fo r direct-impact and stimul ated 
amorphi sation , Pa and A,, respectively. Figure 3-3 (a) shows the effect on the Recking 
curve of varying Pa while keeping A, fixed and Figure 3-3 (b) shows the effect on the 
Hecking curve as A, is varied while keeping Pa remains unchanged. In general, a 
decrease in Pa yields an increase in slope while a decrease in A, shi fts the curve to 
hi gher Tlctpa values. 
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Figure 3-3 Simulation of effect of varying (a) P, and (b) A, on the Recking curves. 
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As /';,Xmin approaches unity, the slope approaches zero , yielding significant ambiguity in 
quantifyi_ng the T\ ctpa value requi_red for complete amorphisation. Given the subtle 
differences in the amorphisation kinetics of the In,Ga1.xAs alloys presented below, it 
SI 
was necessary to reduce the uncertainty in the comparati ve study by defi ning the 
"cri tical 1ldpa" as the inflection point of the Hecking fit. 
For EXAFS samples measured in transmission mode , the sample thickness is governed 
by the absorption len gth ( l!Jt). It is the distance over which the x-ray intensity decreases 
by a factor of lie or approximately 37%. For ln(lJ I,) = J,tt = I , the sample thickness (t) 
will be one absorption length. For lnxGa1.xAs the sample thickness required is 
approximately between 8 - 12 µm depending on which edge is to be measured . The 
maximum layer thickness grown , without compromising the epitax ial quality, was about 
2 J,t m for non lattice matched lnxGa1.xAs. These layers were removed from the substrate 
(described below) and then stacked together to give the appropriate thickness for the 
edge to be measured at. 
Prior to the EXAFS measurements, the epitax ial lnxGa 1.xAs layer was separated from 
the substrate by dissolving the latter using a selecti ve chemical etchant (HCl:H2O or 
H2O2:NH4OH to dissolve InP or GaAs, respecti ve ly) [69-73). These epitax ial layers 
were then stacked together to achieve the des ired thickness. Removal of the substrate 
was necessary to eliminate contributions from In , Ga and/or As atoms in the substrate to 
the measured EXAFS spectra of the ternary alloy layers. In the case of implanted 
material , it was essential to etch off the substrate prior to implantation as 
damage/ implantation reduced the selecti vity of the etchants. 
Mu ltipl e As implants were used for the 2 µm thick lno.s3Gao.41As so as to 
damage/amorphi se the entire epitax ial layer. Thi s was necessary so as to have data from 
on ly impl anted material. As ions were used in stead of Ge ion s to amorphise the layer 
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used for EXAFS measurements so as to avoid contributions from Ge atoms in the 
EXAFS signal for the Ga K - edge. 
EXAFS measurements were performed in the transmission mode at the ln , Ga and As K 
edges. Si (31 1) and (11 l) monochromators, the latter detuned by 50%, were utilised at 
the 1n and Ga/As edges, respectively. 
ATHENA was used for background removal and normalisation of the spectra. Structural 
parameters were then determined with ARTEMIS over a photo-electron wavenumber (k) 
range of~ 3 - 15 k 1 and non-phase-corrected radial distance (r) range of~ 1.7 - 4.5 A. 
The choice of k range is determined by the quality of the data and wanting to avoid 
contributions from the XANES region. The r range is determined by the range at which 
the fit needs to be performed. For each sample , the In, Ga and As spectra were fit 
simultaneously with the bond lengths and Debye-Waller fac tors for a given pair of 
atoms set equal for the analysis of data at each K edge. For each bond type (Ga-As and 
In-As), the first nearest neighbour (NN) and next nearest neighbour (NNN) distances 
were extracted from which the bond angles for each NNN configuration were then 
calculated. A complete multiple-scattering analysis was applied. Both ATHENA and 
ARTEMIS are part of the IFEFFIT [63 , 64) code for EXAFS data analysis . 
3.3 Results and Discussion 
3.3.1 RBS-C 
With the exception of Ino.s3Gao.41As/InP , all In,Ga1_,As layers were lattice mismatched 
with their respective substrates , generating misfit dislocations within the epitaxial layer 
during the growth process. For our given lattice mismatched stoichiometries and 
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substrates , a layer thickness of 0.1 µm exceeded the critical layer thickness reported by 
Anderson et al. [74] based on the pioneering work of Matthews and Blakeslee [75]. 
Epitaxi al layers up to the critical thickness are strained but free of dis locations. Beyond 
the critical layer thickness, the strain is relieved due to the formation of dislocations 
which is the energetica ll y favo urable route compared with a strained structure [76]. 
Figure 3-4 shows the presence of misfit dislocat ions in a plan-v iew TEM image of 
lno20Gao.soAs viewed under two-beam, dark field conditions. The dislocations observed 
are 60° type oriented along the < 110> direction , consistent with the work of Edirisinghe 
et al. [77]. 
Figure 3-4 Plan view TEM image of ln0 _20Ga0 $ 0As imaged under two beam, dark field condition , 
showin g the presence of misfit d islocations. 
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To assess the potential influence of mi sfi t dislocations on the amorphisation kinetics , 
In05 3Gao.47As was grown on both lattice-matched InP and lattice-mismatched GaAs 
yielding epitaxial layers without and with dislocations, respectively. Ion implantation 
was then performed on both samples simultaneously followed by RBS-C measurements. 
Figure 3-5 shows ~Xmin data as a function of T] dpa and the respective fits to the Hecking 
model. 
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0.4 
0.2 
• 
In053Ga0 47As/lnP 
ln053 Ga0_47As/GaAs 
~ ' I 0.0 ....--- 0. 1 
• 
• 
-~ 
T\dpa 
Figure 3-5 ~Xm,n as a function of the number of displacements per atom comparing ln053Ga0.47As 
grown on InP and GaAs. The curves are fits to the experimental data points. 
Note that such a compari son (as in Figure 3-5) represents a "worst-case scenario" with 
the greatest lattice mismatch between the ternary alloy and substrate for all samples 
examined in this study (as manifested by Y unirnplanted values of - 0.80 and - 0.05 for 
lattice mismatched and matched samples, respectively). Nevenheless, eq ual values of 
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c1itical T\ ctpa (0. 18 ± 0.05 and 0.19 ± 0.04 T\ ctpa fo r Inos3Gaiw As with and without 
dislocations , respectively) were determined. The probability of direct impact 
amorphisation differed by a factor of five for samples with ( I .03 ± 0.25) and wi thout 
(0.23 ± 0 .05) dislocations whilst that for stimulated amorphisation in the di slocated alloy 
(13 .9 ± 2.4) was half that of the dislocation-free sample (24. 12 ± 1.7). Dislocations are 
known to getter mobile defects and impurities; thi s explains the higher va lue of 
stimulated amorphisation for samples with dislocations. Nevertheless , clearly 
implantation-induced disorder production in lno53Gao.47As is dominated by stimulated 
amorphisation regardless of the presence of misfit dislocations. Furthermore , both 
samples have a lesser critical T\ ctpa value than lnAs and GaAs (shown below in Figure 
3-6), demonstrating that the rapid amorphisation behaviour did not result from the 
presence of pre-existing extended defects. 
Figure 3-6 shows the fits for L'-Xmin as a function of T\ ctpa over the entire stoichiometry 
range and includes the two fits for In053Gao.47As presented in Figure 3-5. For clarity, 
indi vidual ex perimental points have not been included. It is readi ly apparent that the 
ternary alloys of InxGa1.,As with stoichiometry x _s 0.53 are amorphised at T\ ctpa values 
less than those required for both lnAs and GaA s. In contrast , the In-ri ch all oys with x c".: 
0.75 are rendered amorphou s at T\ ctpa values intermedi ate between those necessary for the 
two binary extremes. 
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Figure 3·6 ~Xm,n as a function of the number of displacements per atom measured over the entire 
stoichiometry range x for ln,Ga1.,As. The curves are fits to the experimental data points with the 
latter not shown for clarity. · 
Values of critical 'll ctpa and the parameters Pa and A,, the latter derived from fits to the 
L'.Xmin data, are plotted as a function of stoichiometry in Figure 3-7. 
57 
30~~~~~~~--r---r---r---r--r--r--,---,--.,.--,--,-,--,--,--,........,,........,,........,----n 
25 
20 
.. ,( 15 
~ 
In Ga As 
X J-X ■ 
! • .... 
½ 
0. 
0 
10 
Ji- i. t ,,, . .....-r 
1 '·-. -I I _.,,,- 1 -- • ..l --______ .. 
A 
s 
p 
a 
Critical 'Tl dpa 
/ 
/ 
0 • ---- ~ - .. la) 1 ---~ - - . - - _, _ 
0.0 0.2 0.4 0.6 0 .8 
Indium content (x) 
--j 10 
/ 
TJdpa 
0.1 
1.0 
Figure 3-7 Critical '1•,., and probabilities for direct impact (Pa) and stimulated (A,) amorphisation 
as a function of stoichiometry for In,Ga, __ ,As. The circled values denote data from 
In033Ga0.47As/GaAs samples. 
The quadratic fit to the 'll dpa data indicates that an ln,Ga 1_,As alloy with sto ichiometry of 
x = 0 .34 ± 0 .17 is most easily amorphised. Pa is effecti ve ly independent of stoichiometry 
while A, ex hibits parabolic behaviour w ith a max imum at x = 0.28 ± 0.1 8. Note the 
maximum in A, is we ll correlated w ith the minimum in criti ca l Tl ct pa • Clearly a stimul ated 
amorphi sati on process (A,) is dominant re lative to direct impact amorphisation (Pa) over 
the entire sto ichiometry range and the differences in criti cal 'Tl ct pa va lue as a functi on of 
stoichiometry are governed by differences in the probability for stimulated 
amorphi sation. T his preference fo r stimulated amorphisation is most like ly due to bond 
angle di stortions present in the In ,Ga 1., As al loy giving ri se to preferential nucleat ion 
s ites for amorphous phase forrnation , as will be in vestigated in the next section. 
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3.3.2 EXAFS 
To identify the atomistic configurations responsible for the amorphisation behaviour 
described above, EXAFS was utilised to probe the short- range order about the relevant 
constituent atoms of the binary and ternary compounds. 
Figure 3-8 shows Fourier-transformed EXAFS spectra of unimplanted GaAs , 
In053Ga0_47As and Al050Gao.50As measured at the Ga K edge. A nearest neighbour (NN) 
peak is apparent in all spectra at a non-phase-corrected radial distance of 2.1-2.3 A. The 
NN shell about a Ga atom for GaAs, Ino.s3Gao.47As and Alo.soGaosoAs comprises of four 
As atoms. The amplitude of the NN peak is governed by multiple influences including 
an atomic-number (Z) , dependence of the scattering factor for the atoms of the NN shell, 
an inverse square (l /R2) dependence on radial distance to account for the loss of 
intensity of outgoi ng and scattered photo-electron waves (where R is the radi al distance 
separating absorbing and scattering atoms) and the presence 0f structural disorder 
(characterised by the Debye-Waller factor). The Fourier transforms shown here are non-
phase-corrected and hence the apparent radial distances do not correspond to the actual 
bond lengths (see Table 3-1 ). 
59 
E '" j Ga Edge -- In0_53Ga0_47As .s {\ "1 
- - - GaAs C E 30 
E-, 
.. 
a., 
·c 
I\ 5 20 I \ i;... 
... I I 0 I I\ a., I 
"O I I I I 
= 10 I I .... I 
·a I \ I 0.0 
~ 1/'A'J. I / :;; • I 
--~' /"'\.. \. ,,. ' / 0 
0 I 2 3 4 5 6 
Non-phase-corrected radial distance (A) 
E ~1 ~ Ga Edge --Al050 Ga050As .s "1 - - · GaAs C E 30 
E-, 
.. 
a., 
·c 
~ 201 l \ I\ I I 0 
a., 
"O 
B 10 
·2 
0.0 
~ 
:;; 
0 
0 l 2 3 4 5 6 
Non-phase-corrected radial distance (A) 
Figure 3-8 Fourier transform of EXAFS spectra measured at the Ga K edge for crystalline GaAs , 
lattice matched ln053Ga0_47As and Alo50Gao50As. 
Consider now the next-nearest ne ighbour (NNN) peak in Figure 3-8 at a non-phase-
corrected rad ia l di stance of 3.7 - 4 .0 A. (consisting of Ga in GaA s, In and Ga in 
lno51Gao.41As and A l and Ga in Ai050Gao50As atoms (12 in tota l)). The amplitude of the 
NNN peak in ln053Gao47As is clearly much smaller than those of GaAs and 
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Al0.50Gao50As consistent with enhanced structural disorder in the bond-angle distribution 
(see Table 3-1 later in the text). For a perfect zinc-blende structure , the NNN amplitude 
for In053Gao.47As would be greater than that of GaAs and Alo.soGa05 0As given In is a 
stronger scatterer than both Al and Ga. The slight reduction in NNN amplitude of 
Alo.soGao.soAs compared with GaAs is expected, since in Alo.soGao.soAs the NNN shell is 
a mix of both Al and Ga, compared with just Ga in GaAs, with Al being a weaker 
scatterer than Ga. This shows that even in the crystalline form, In0_53Gao.47As has a 
pronounced disorder around the NNN shell compared with Al050Gao.5oAs. Given the 
disorder is around the NNN shell, this suggests that the disorder is due to bond angle 
distortions. 
Structural disorder also results from ion implantation and can be studied using EXAFS . 
Figure 3-9 shows the non-phase corrected radial distribution of ln053Gao.41 As as a 
function of the nuclear energy deposition, ll ct pa• The amplitude of the NN and NNN 
peaks decrease with increasing lldpa, indicative of increased structural disorder. A 
reduction in the NNN peak amplitude implies a loss of long range order characteristic of 
disordered materials. For the highest llctpa value of 1.76 the NNN peak is non-existent, 
hence suggesting that Ino53Ga0.41As is rendered amorphous at this ion fluence , consistent 
with RBS-C results. 
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Figure 3-9 Fourier transform of EXAFS spectra measured at the Ga K edge as a function of ion 
lluence for In0~ 3Ga0_47As . 
Using ARTEMIS [63] the EXAFS data fo r crys talline InAs, GaAs, Al05oGao5oAs and 
InxGa1.xAs were fit using conditions described previously in section 3.2. These fit s were 
in excellent ag reement with the back transformed experimental data, as shown in Figure 
3- 10 - Figure 3- 13 for the common As K edge for these materials. All other fits are 
shown in the Append ix . The parameters determined from these fit s are shown in Table 
3- 1. 
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Figure 3-11 Best fit for InAs at the As K - edge to k3 weighted back-transformed experimental data 
using ARTEM IS. 
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Bond Length 
DWFNNN Bond 
(A) Material Angle 90 (As-ln-As/As-Ga-(NN/NNN) 
NN NNN As) 
lnAs ln-As/ln -ln 2.609 ± 0.002 4.273 ± 0.005 In-As-In 109.5 ± 0 .2 0 .0036 ± 0 .0004 
GaAs Ga-As/Ga-Ga 2.437 ± 0.002 3.986 ± 0.004 Ga-As-Ga 109.7 ± 0 .2 0.0039 ± 0.0008 
Al -As 2.439 ± 0.022 
Al o.soGao.soAs 
Ga-As/Ga-Ga 2.444 ± 0 001 3 .995 ± 0 .008 Ga-As-Ga 109.6 ± 0.2 0.0048 ± 0.0002 
In-As 2.594 ± 0 .004 0.0 1 ± 0.002 
I n028Gao.72As 
Ga-As/Ga-Ga 2 .454 ± 0 .002 4.072 ±0.Dl Ga-As-Ga 11 2.3±0.3 0.0073 ± 0.0008 
In-As/In-In 2.59 1 ± 0.003 4.176 ± 0 006 In-As-In 107.5 ±0.3 0 .01 ± 0.002 
lno.s3Gao_47 As 
Ga-As/Ga-Ga 2 .466 ± 0 .003 4. 104 ± 0.0 12 Ga-As-Ga 113.4 ±0.5 0.0086 ± 0.00 19 
In-As/I n-In 2.598 ± 0.003 4 .192 ±0.0 12 In-As-In 107.6 ± 0.5 00091 ± 0.001 2 
l n0 .15Gao.25As 
Ga-As/Ga-Ga 2.47 ± 0.003 4. 133 ±0045 Ga-As-Ga 11 3.6 ± 1.2 0.006 ± 0.001 4 
Table 3-1 Bond lengths, bond-angles and Debye Waller factors (DWF) calculated from EXAFS spectra of InAs, GaAs, AI050Ga050As and In,Ga,.,As. 
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Bond angles shown in Table 3-1 were determined using the bond lengths for the NN 
(RinAs and RGaAs) and the NNN (RAs-As) as shown schematically in Figure 3-[4_ Here, In 
and Ga are the NN and As is the NNN atom with As* as the central or absorbing atom. 
The measured bond lengths were used to determine the average bond angle (0) between 
the absorber and the NNN atoms using Eq. 3 .1. In addition, the Deb ye-Waller factor 
(DWF) was also determined from these fits. Values of these bond lengths, bond angles 
and DWF are also listed in Table 3-1 above. 
Figure 3-14 Schematic of bond length and bond angle for InGaAs. 
(
2R 2 - 2 
0 GaAs = cos - 1 GaAs RAsAs ) 180 
Z R~aA s -;-
(3 .I) 
Bond length values given in Table 3-1 are in good agreement with the theoretical values 
reported by Cai and Thorpe using the effective medium approximation (EMA) [39] and 
the experimental works of Mikkelsen and Boyce (InxGa1_, As) [40], Azevedo (InAs) [78] 
and Glover (GaAs) [79] (see Table A-1 in the Appendix). 
67 
The NN bond lengths for GaAs, InAs and InxGa1_xAs from Table 3-1 are plotted in 
Figure 3-15 as a function of stoichiometry . ln the Vegard limit , the ternary ailoy is 
characterised by one common bond length (In-As = Ga-As) that varies as a function of 
stoichiometry. In contrast , two separate stoichiometry-independent bond lengths (In-As 
cf. Ga-As) are predicted in the Bragg-Pauling limit. Predictions from the Yegard (80] and 
Bragg-Pauling (81, 82] models are also included in Figure 3-15. The experimental data 
shown in Figure 3- 15 are clearl y intermediate between the Yegard and Bragg-Pau ling 
models resulting in a bimodal bond-length di stribution in InxGa 1_xAs . 
Cai and Thorpe [39 , 83] defined a topological rigidity parameter (a**) as a measure of 
the dominant force constant. For a ternary compound ABC , a** is defined as : 
R AB - R~B 
** = 1 - R 
a A- B R AB - BC 
(3.2) 
Where R AB and R8c are the unstra ined or natural bond length of the binary compounds 
and R~B is strained bond length of distance AB in the ternary compound . When a** = I 
onl y bond bending is acti ve and when a** = 0 only bond stretching is act ive . The value 
of a** calcul ated from Figure 3-15 was 0 .84 ± 0.01 and 0.73 ± 0.QI for the In-As and 
Ga-As bond-l ength di stributions, respecti vely , in complete agreement with an average 
value of 0.80 reported prev iously (22 , 25]. These results indicate that the bimodal bond-
length di stribution of the lnxGa 1_xAs al loys is accommodated by both bond stretching 
and bond bending , although primaril y via the latter , as consistent with a higher fo rce 
constant for bond stretching. Note that the bond-length and bond-angles in 
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Alo.soGao.soAs are very similar to those in GaAs , and thus microscopic strain in this 
ternary alloy is minimal. 
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Figure 3-15 Nearest-neighbour bond lengths (In-As and Ga-As) for unimplanted In,Ga 1.,As as a 
function of stoichiometry. The Vegard and Bragg-Pauling limits are included for comparison. 
Refen·ing again to Table 3-1 , the tetrahedral value of 109 .5° for the bond angle was 
measurable for the two binaries as expected and Al050Ga05 0As where the bond-length 
distribution is effectively unimodal. In contrast, deviations from 109.5° are apparent for 
InxGa1 .xAs. Note that the bond angles comp1ised of two long (short) In-As (Ga-As) 
bonds are less (greater) than the tetrahedral value , as one might intuitively ex pect. 
Figure 3-16 shows DWFs as a function of stoichiometry for the NNN shell about an As 
atom in InxGa1.xAs. Structural disorder at the NNN shell in the ternary alloy is 
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significantly greater than that of the two binaries with a maximum at x = - 0.46. Note 
that th is maximum in di sorder is well correlated with the stoichiometry most easil y 
amorphised as shown in Figure 3-7 (critical lldpa) and discussed in section 3 .3. 1. 
Comparable results for structural disorder at the NNN shell have been reported by Jeong 
et al. [84] using complementary synchrotron-based x-ray diffraction to determine atomic 
pair distribution functions. Examining the lnxGa1 -xAs alloys as a function of 
stoichiometry, they observed a broadening of the peak widths for the NNN shell due to 
increased structural disorder with the latter a maximum for x = - 0.5. The results 
reported here agree well with those of Jeong et al . [84]. Jeong et al. further 
demonstrated that atomic displacements on the In/Ga sublattice were isotropic and of 
lesser magnitude (- 60%) than the highly directional ( <100> and < 111>) displacements 
on the As sublattice . Such behaviour can also be studied using EXAFS as has been 
demonstrated by Schnohr et al. [85] where they measured anisotropic vibrati ons in 
crystal line and amorphous lnP. They concluded that relative vibrations along the bond 
require bond stretching , however, this is not energeticall y favourable in III-V zinc-
blende semiconductors. Relati ve vibrations perpendicular to the bond , however, change 
the bond angle that is energetically favoured in these III-V materials. 
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Figure 3-16 Debye-Waller factor for the next nearest neighbour about an As atom in unimplanted 
lnxGa 1.xAs as a fun.ction of stoichiometry. 
Accommodating two distinctly separate bond lengths on the zinc-blende lattice as 
opposed to two very similar bond lengths, yields greater structural disorder in the inter-
atomic distance dist1ibution of the atoms comprising the NNN shell. Correlating EXAFS 
and RBS-C measurements, this study of the amorphisation of the ln, Ga1.,As alloys as a 
functi on of stoichiometry has clearly demonstrated that the minimum in cri tical Tl ctpa was 
very well correlated with both the maxima in the probability fo r stimulated 
amorphisation (Figure 3-7) and the structural disorder at the next nearest neighbour shell 
(Figure 3-16) . Thus, the structural disorder in the ternary alloys , concentrated primarily 
in the bond-angle distributions, appears to give rise to preferential sites for stimulated 
amorphisation, rendering the InxGa1.,As alloys amorphous at lesser critical Tlctpa values 
than for both lnAs and Ga.As. 
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3.4 Conclusion 
The kinetics fo r the ion-impl antation-induced amorphisation of lnxGa 1_xAs were 
detennined with RBS -C over the entire stoichiometry range . Stoichiometries of x = -
0.06 - 0.53 were rendered amorphous at fluences lower than those required for the 
binary extremes. The crys talline-to-amorphous phase transformation was dominated by 
a stimul ated amorphisation process, the probability for which was a maximum at the 
stoichiometry most easily amorphi sed. EXAFS measurements demonstrated the bimodal 
bond length distribution characteristic of the lnxGa1_x As alloy was primarily 
accommodated on the z inc-blende lattice via bond bending with dev iations from the 
tetrahedral bond angle readil y apparent in the lnxGa 1_xAs. Correlating EXAFS and RBS-
C measurements , structural disorder and the probability of stimulated amorphisation 
were both greatest at a common intermediate stoichiometry, where the ternary al loy was 
most easily amorphised . The anomalous amorphisation is clearl y correlated with a 
bimodal bond length distribution. The latter yields structural disorder manifested as an 
increased NNN DWF that is large ly accommodated in the bond angle di stribution given 
bond bending is energeticall y favoured over bond stretchin g. We suggest thi s structural 
disorder serves as preferential nucleation sites for amorphous phase fo rmation. 
The validity of thi s model will be tested in the next chapter fo r InxGa 1_xP alloys as they 
exhibit a bimodal bond length distribution [41) simil ar to that observed in lnxGa 1-xAs. 
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Chapter 4 lnxGa1-xP 
4.1 Introduction 
InxGa 1_xP ternary alloys have attracted attention from the electronics industry as they are 
a good alternative to AlxGa1_xAs based devices. In addition lnxGa1_,P alloys ex hibit one 
of the widest direct band gaps among non-nitride III-V semiconductors, making them 
attracti ve for the optoelectronics industry [86] especially as light-emitting diodes. 
Recently, InxGa1_xP has also been investigated for possible use in solar cells [87-95] 
particularly in spatial and terrestrial applications due to its increased efficiency and 
superior radiation resistance. 
Akana et al. [36] studied the amorphisation in InP at 80 K and RT using 330 keV 0 
ions . They found an absence of any significant dynamic annealing for InP amorphisation 
under these conditions. Dynamic annealing in InP was not evident until at least 348 K. 
Similar results were also reported by Wendler [16] for InP implanted at various 
temperatures using 300 keV Si ions. Bezakova et al. [96] studied the ion implantation 
induced amorphisation in InP at 77 K using the perturbed angu lar correlation technique . 
They concluded that the amorphisation process in InP could be described using the 
direct impact amorpllisation process and overlap of the disordered regions. 
Krynicki et al . [97] studied the crystalline to amorphous transformations in GaP at 130 
K and RT using 150 keV N and Cd ions . They found that the ion fluence required to 
amorphise GaP at 130 K and RT is similar for the heavier Cd ions whereas the ion 
fluence required using the lighter (N) ions differ by a factor of 2. They attributed this 
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difference in amorphisation flu ence for lighter ions to dynamic annealing and attributed 
the amorphisation behaviour of GaP in general to homogenous amorphisation. 
Jones and Santana [98] studied the amorphi sation behaviour of various binary 
semiconductors and found that InP was more easily amorphised than GaP at 77 K using 
20 keV Si ions. 
Wesch et al. [ 15] (the Jena group) compared the room temperature ion implanted 
damage as a function of fluence for various ion species and a range of energies from 200 
keY to JO MeV for GaAs, GaP , InAs and InP. They found a remarkable in situ 
annealing for InAs and GaAs , which increased with ion energy and depended also on the 
ion mass implanted. This in situ annealing was not observed in lnP and GaP. 
The Jena group did considerable work on the ion implanted damage in 111-V 
semiconductors under various implantation conditions. This has lead to an excellent 
review paper [l 6] to which the reader is refened for an in depth understanding of the 
influence of implantation conditions and parameters such as: ion mass, implantation 
temperature, ion flux , ion energy and ion fluence . 
Schnohr et al. [99] have studied the atomic structure of lnP amorphised by electronic 
and nucl ear ion energy loss process usin g EXAFS. They found that the observed 
amorphisation process was due to direct impact. 
ln Chapter 3 it was show n that bimodal bond length distributi on is conelated with the 
rapid amorphisation observed in lnxGa 1.xAs. This bimodal bond length distribution gives 
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rise to structural disorder that serves as preferential sites for stimulated amorphisation. It 
has been shown both theoretically [39] and experimentally [41 , 100] that lnxGa1_xP also 
exhibits a bimodal bond length distribution. 
Although various studies have been carried out on the amorphisation behaviour of l nP 
and GaP [14 , 15 , 36, 96-99, 101 -105], surprisingly no published data could be found for 
the crystalline to amorphous phase transformation of lnxGa1_,P. Hence , to address this 
gap , in addition to investigating the amorphisation behaviour of lnxGa1_,P at 300 K , the 
arnorphisation behaviour at 15 K was also investigated in this chapter. At 15 K any 
defect diffusion or annealing (due to thermal effects) is largely suppressed [23 , 102, 106, 
107] and thus the resulting disorder should be the result of the p1imary process of 
damage formation in that material. 
In summary, the aim of this chapter was to study the 15 K and 300 K arnorphisation 
kinetics of lnxGa1 -xP over the entire stoichiometry range using RBS-C . EXAFS was 
utilised to determine the bond length and bond angle distributions for lnxGa1_x P samples 
used i11 this study. 
4.2 Experimental 
Epitaxial lnxGa1_xP layers with x = 0.34, 0.50 , 0.64 and 0.88 with layer thickness of 1, 
2.5 , 0.5 and 0 .1 µm, respectively , were grown by metal organic chemical vapour 
deposition (MOCYD) on GaAs (100) substrates that were 10° off-cut towards <110>. 
This off-cut is necessary to avoid the characteristic spinodal decomposition and ordering 
observed in lnxGa1-xP alloys [108-110]. An intermediate layer of 0.05 µm AlAs was 
deposited on the GaAs substrate prior to lnxGa1_,P deposition . This layer was grown at a 
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temperature of 700 °C with a V /IIT flow rate of 9 1. T hi s layer can be etched to separate 
the InxGa1.xP layer from the substrate us ing an AIAs selecti ve chemical etchant ( IO % 
HF: H2O) [73]. T he latt ice matched In05 0Gao_50P layer was grown at a temperature of 550 
°C with a V/III fl ow rate of 149. A lower growth temperatu re compared to that of 
lnxGa1 .xAs is used here to mini m ise o rdering effects . All other InxGa1.xP layers were 
grown under similar conditions. 
300 K implants for lnxGa 1.xP along with lnP and GaP were pe1formed using 60 keV 
74Ge ions. RBS-C was utili sed as described in Chapte r 2, section 2. Figure 4- 1 shows the 
RBS-C spectra of In050Gao5 0P as a fun ction of ion fluence, showing only the scattering 
contributions from the In sub-lattice . Plotted here is the no rmalised yield from RBS-C 
against depth . It is clear from Fi gure 4- 1 that an increase in ion fluen ce leads to an 
increase in the backscatte red ion yie ld up to 4 x l0 13 ions cm·2 where the no rmalised 
yield reaches the random level. Increasing the ion flu ence above this va lue to 2 x l0 14 
ions cm·2, results only in broadening of the damaged layer in to the depth of the materia l. 
T he ion fluence was converted to T]dpa as per Eq. 3.2. Details o f i'.X,nin , T]dpa, cri tical T] dpa 
and probabilities of d irect- impact (Pa) and stimulated (A,) amorphisation, have been 
outlined in Chapter 2 and Chapter 3. 
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Figure 4-1 RBS-C spectra of In030Ga030P irradiated at 300 K using 60 keV Ge ions. 
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For low temperature (15 K) implants , warming up of the samples between ion 
implantation and RBS-C measurements may change the primary defect distribution 
[111] . It is preferable to perform both the implantation and the RBS-Cat these low 
temperatures. A facility to perform in situ ion implantation and RBS-C measurements is 
available at the Institut fur Festkorperphysik, Friedrich-Schiller-Univers itat in Jena, 
Germany. The institute houses a special two-beam chamber where RBS-C 
measurements can be perfmmed at 15 K immediately after ion implantation. This 
chamber is attached to two beamlines: a 400 kV implanter and a 3 MV accelerator. A 
detailed description of this setup can be found in reference [112]. 
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EXAFS meas urements for ln,Ga1.xP with x = 0 , 0.34 , 0.50 , 0.64 and 1, were performed 
at beamline 20-B of the Photon Factory in Japan. EXAFS data was collected at the In 
and Ga K edges in transmission mode at a temperature of ~ 10 - 15 K. InxGa 1.,P 
epitaxial layers were removed from the GaAs substrate by first masking the InxGa1_,P 
layer with Apiezon wax and then dissolving the Al As layer using a I 0% HF:H20 
solution as a selecti ve etchant [73]. The wax was then dissolved using trichloroethylene 
and the epitaxial layer crushed and mixed with BN to make samples for EXAFS 
measurements . Structural parameters were determined over a photo-electron 
wavenumber (k) range of~ 2 - 14 A- 1 and non-phase-corrected radial distance of ~ 1.5 -
4.9 A fo r the In edge and ~ 1.4 - 4.6 A for the Ga edge data. Using these data , the first 
nearest neighbour (NN) and the next nearest neighbour (NNN) distances were 
determined. From these distances the bond angles for each NNN configuration were 
calcul ated (see Section 4.3.2) . A complete multiple scattering analysis was applied. 
4.3 Results and Discussion 
4.3.1 RBS-C 
With the exception of Ino.soGao.soP/GaAs, all InxGa 1.xP layers were lattice mi smatched 
with their respective substrates , generating misfit dis locations wi thin the ep itaxial layer 
during the growth process . For the given stoichiometries, the layer thickness exceeded 
the crit ical layer thickness reported by Kahn & Ritter [11 3]. Excluding the latt ice 
matched lno.soGao.soP/GaA s, the lattice mismatch in lnxGa 1.xP - GaA s is similar to that 
of lnxGa 1_xAs - lnP and not worse than the worst case scenario considered for 
lnxGa 1.xAs in Section 3.3. 1 where it was shown that the presence of misfit dis locations 
does not influence the critical 1lct pa for the ternary alloy , ln ,Ga 1.xAs. 
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4.3.1.1 Room Temperature (300 K) Implants 
Figure 4-2 shows the fits for 300 K LiXmin as a function of llctpa over the entire 
stoichiometry range of lnxGa1-xP. For clarity , individual experimental points have been 
excluded. For all stoichiometries investigated, it is apparent that the ternary alloy is 
amorphised at llctpa values less than those required for either GaP or lnP, with GaP 
having the highest llctpa value, thus being the most difficult to amorphise . Compared with 
In,Ga1_xAs from Chapter 3 where the difference in llctpa values between InAs and GaAs 
was approximately two orders of magnitude , the difference in the case of InxGa1 -xP for 
GaP and lnP is less pronounced. This difference is due to more prominent room 
temperature damage annealing in InAs compared with the other materials as discussed in 
Chapter 3. 
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Figure 4-2 Delta AX,n,n as a function of 'la,, measured for In,Ga,.,P at 300 K. The curves are fits to 
the experimental data points with the latter not shown for clarity. 
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Values of Pa and As were derived from the fits in Figure 4-2 was described in Chapter l 
and Chapter 3 based on the B ecking model. Critical lldpa values were also calcul ated 
from these plots . Values of lldpa, and P a and As are plotted in Figure 4 -3 as a function of 
stoichiometry. 
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Figure 4-3 Critical 'ld pa and probabilities of direct impact (Pa) and stimulated (As) amorphisation as 
a function of stoichiometry for 300 K implanted In,Ga1.,P . 
The quadratic fit to the lldpa data indi cates that In, Ga 1.x P alloys with a stoichiometry of x 
= 0.65 +!- 0.25 were most eas il y amorphised. Pa is effecti ve ly independent of 
sto ichiometry while As exhibits parabolic behaviour with a max imu m at x = 0.61 +/-
0.23. Note that the maximum in As is we ll correlated with the mini mum in critical lldpa • 
Clearl y a stimulated amorph isation process (As) is dominant relative to direct impact 
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amorphisation (Pa) over the entire stoichiometry range and the difference in critical T]ctpa 
value as a function of stoichiometry are governed by differences in the probability of 
stimulated amorphisation . This behaviour is consistent with that observed for lnxGa1_, As 
in Chapter 3. 
4.3.1.2 15 K Implants 
The amorphisation kinetics of lnxGa1_xP were also investigated at 15 K. Low 
temperature ion implantation enables the investigation of the primary process of damage 
production , as at sufficiently low temperatures defects are not mobile and there is no 
thermal annealing of defects . 
Figure 4-4 shows the LiXmin curves of lnxGa1_,P samples implanted at 15 K. The 
amorphisation kinetics of the ternary lnxGa1 -xP at 15 K are clearly different from those 
observed at 300 K. In the case of 15 K implantation, the amorphisation kinetics of the 
ternary compounds are intermediate between the two binary extremes. These results are 
similar to those reported for Al,Ga1 -xAs [23] and lnxGa1_, As [114] at this temperature. 
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Figure 4-4 Delta Ll.;-Jll,,. as a function of l]dp, measured for ln,Ga, _,P at 15 K. The curves are fits to the 
experimental data points with the latter not shown for clarity. 
T he critical Tjdpa value at 15 K is smalle r for all materials by approximately a factor of 
three, except in the case of InP where thi s diffe rence is greater and is approximate ly a 
factor of six less than that observed at 300 K. In general, at 300 K, poi nt defects are 
pai1ially mobile, resulting in a pronounced in-s itu defect recombination and annealing 
effect. However, at 15 K , the primari ly produced defects are stable and thus, to 
amorphise materia ls at thi s low temperature , smaller values of Tj dpa are required. Thi s 
however, does not explain the greate r reduction in lldpa value observed for lnP . 
A poss ible ex planat ion fo r the InP behaviour at 15 K can be deri ved from the atomic 
fo rce constant , f. The cross-section of damage format ion fo r binary III-V compounds at 
15 K has been shown to have a systematic dependence on the atomic fo rce constant 
[ 115]. T hi s atom ic force constant is taken as a measure of bond-strength, with a higher 
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force constant (i.e. higher bond-strength) resulting in a lower cross-section of damage 
formation and thus requiring higher TJdpa for amorphisation. The greater reduction in the 
TJdpa value of InP at 15 K can be explained by the lower force constant observed in InP 
(0.98 x 1026 Nm-1) compared with that of GaP (1.2 x 1026 Nm·\ The corresponding 
values of cross-section of damage formation at 15 K for InP and GaP are 6.41 x 10·14 
cm2 and 1.58 x 10·14 cm2, respectively (115 , 116] . 
A difference in activation energy, Eact, for the primary dynamic annealing process 
thought to be operating in InP versus GaP, could also be contributing to the greater 
reduction in TJctpa value of InP at 15K. The Eacr describes the temperature dependence 
over the entire temperature range for a given material and given process, in this case, 
dynamic annealing . The data suggest that InP is more temperature dependent than GaP. 
Figure 4-5 shows the Pa, A, and the critical 1lctpa values at 15 K as -detennined from the 
plots in Figure 4-4. At 300 K it was observed that stimulated amorphisation was the 
dominant process with Pa having a negligible role. However, in the case of 15 K , we 
observe that the amorphisation process is governed by both direct impact and stimulated 
amorphisation. The critical TJdpa values also confirm the trend observed in Figure 4-4 i.e. 
GaP is the most difficult to amorphise and lnP the easiest. A similar trend at 20 K has 
been reported in Al,Ga 1.xAs (23]. 
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Figure 4-5 Critical l]dp, and probabilities of direct impact (P,) and stimulated (A,) amorphisation as 
a function of stoichiometry for fn ,Ga 1 •. ,P implanted at 15 K. Shown inset is Pa , As and critical 'ldp, 
plot for In,Ga 1 •. ,As implanted at 15 K . 
Shown inset in Figure 4-5 is the Pa, A, and critical T] ctpa plots for I 5 K implantation in 
lnxGa1.,As using the data reported in Ref. [1 14]. Although the behaviour for A, in 
lnxGa1., As is opposite to that observed in ln, Ga 1.xP , there is still a clear indication of 
contribut ions from both Pa and A, to the amorphisation process. Moreover, the trend 
observed for c ri tical T] ctpa is simi lar to that observed for ln,Ga 1., P, with GaAs being the 
most difficult to amorphi se and InAs the easiest. 
4.3.2 EXAFS 
In the previous secti on it has been shown that the 300 K amorphi sation behaviour of 
ln,Ga 1 .. , P is ve ry similar to that observed in lnxGa1.,As as outlined in Chapter 3 . In 
Chapter 3 it was concluded that the structural disorder at the nex t nearest nei ghbour shell 
was correlated with the amorphisation behaviour observed in lnxGa 1., As . The aim of this 
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section is to investigate if a similar trend is present in InxGa1 -xP. EXAFS measurements 
were carried out at the In and Ga K edges for this purpose . 
Figure 4-6 shows the non-phase-corrected Fourier-transformed EXAFS spectra of 
unimplanted lnP, GaP and In0_50Ga0.50P measured at the In K edge. A nearest neighbour 
(NN) peak is apparent for all samples at a non-phase-corrected radial distance of~ 2.1 
A. This peak is due to scattering from the first shell P atoms . The ternary and binary 
alloys exhibit similar amplitudes because the NN shell for all samples is comprises of 
four P atoms. 
In contrast, a marked difference in amplitude is observed in the next nearest neighbour 
peak (at ~ 3 - 4.5 A) between the binary and ternary compounds , with Ino.soGao.soP 
having much reduced NNN amplitude compared with either lnP or GaP. Whereas, for 
the binary compounds, the NNN shell consists of only In (for InP) and Ga (for GaP), the 
NNN shell for lno.soGao.soP contains both In and Ga atoms. All NNN shells contain 
twelve atoms in total. The reduced NNN peak is characteristic of disordered material. 
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Figure 4-6 Fourier transform of EXAFS spectra for (a) crystalline InP and In050Ga050P as measured 
at th e In K edge a nd (b) crystalli ne GaP and ln050Ga050P measured a t the Ga K edge. 
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ARTEMIS [63] was used to fit the EXAFS data as described previously in Section 4.2. 
The back transformed Ga K edge data and fits for GaP and Ino5 oGao50P are shown in 
Figure4-7. 
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Similar fit s were perfonned for Ino34Gao 66p and lno66Gao 34P at both the In and Ga K 
edges and for InP at the In edge . T he resulting bond lengths, bond angles and DWF are 
li sted in Table 3- l. 
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Figure 4-8 shows a schematic fo r ln ,Ga 1., P bond length and bond angles shown in Table 
4- 1. R 1nP and R GaP are the NN di stances whereas the R GaGa or R rntn is the NNN distance . 
Bond length values given in Table 4-1 are in good agreement wi th the theoretical work 
of Cai and Thorpe [39] and the ex perirnental work by [ 4 1, 100]. 
R GaP 
8 Ga-P-Ga 
R 1nPO 
Figure 4-8 A schematic of bond length and bond angle for InGaP. 
The NN bond lengths for ln-P and Ga-P from Table 4- 1 are plotted as a function of In 
content in Figure 4-9 along with the Vegard model where the alloy is characterised by 
one common bond length that varies as a fun ction of stoichiometry. Clearl y, a bimodal 
bond length distribution ex ists for both In-P and Ga-P with a linear dependence on 
stoichiometry that is much closer to their respec ti ve binary values than to the Vegard 
model. 
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Figure 4-9 Nearest-neighbour bond lengths (lu-P and Ga-P) for unimplanted In,Ga 1.,P as a function 
of stoichiometry. The Vegard model is included for comparison. 
The topological rigidity parameter (a**) (see Equation 3.2) calculated from the above 
plots was 0.83 ± 0.07 for In-P and 0.86 ± 0.07 for Ga-P bond length distribution in 
complete agreement with an average value of 0.8 reported previously [117]. This 
suggests that the structural disorder in lnxGa 1.,P is concentrated primarily in the bond 
angle distributions. 
Bond angles listed in Table 4-1 for InP and GaP agree very well with the tetrahedral 
value of 109.5° for zinc-blende structures . However, the bond angles for the ternaries 
deviate significantly from the tetrahedral value. The bond angles consist of two long ln-
p bonds in the case of In-P-In and thus have bond angles smaller than the tetrahedral 
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va lue . The opposite is true for Ga-P where the bonds in Ga-P-Ga are sho11er and thus 
have bond angles larger than the tetrahedral value . 
Figure 4-10 shows the DWF as a function of stoichiometry fo r the NNN shell about the 
In atom fo r In-P-ln and about the Ga atom fo r Ga-P-Ga for lnxGa 1.xP . Structural disorder 
at the NNN shell in the ternary alloy is signifi cantl y greater than that of the two binaries 
with a maximum at x = - 0 .5. 
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Figure 4-10 Debye-Waller factor for the next nearest neighbour in ln,Ga 1 •. ,P as a function of 
stoichiometry. 
W ithin the marg ins of ex perimental uncertainty, the max imum observed in structural 
disorde r from EXAFS is well correlated with the maximum observed in stimulated 
amorphi sation (As) and the minimum in critical T]dpa from RB S-C. That is, the 
sto ichiometry that requires the least amount o f f] dpa to render it amorphous is the one that 
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exhibits the maximum structural disorder and has the highest probability of stimulated 
amorphisation. 
The change in bond angle with stoichiometry demonstrates that lattice mismatch in these 
tern ary alloys is accommodated by both adjustments in bond length and bond angle. 
However, as demonstrated by the topological rigidity parameter (a**), distortion in bond 
angle distribution is far greater than that in bond length distri bution. 
This suggests that the structural disorder in these ternary alloys, concentrated primarily 
in the bond angle di stributions, gives rise to preferential sites for stimulated 
amorphisation rendering InxGa 1_xP amorphous at ll ctpa values less than those required for 
both InP and GaP. 
4.4 Conclusion 
The kinetics of the ion-implantation- induced amorphi sation of lnxGa1.xP have been 
determined with RBS-C over the entire stoichjometry range at temperatures of 300 K 
and 15 K. 
At 300 K , all stoichiometries for the ternary alloy were rendered amorphous at llctpa 
values lower than those required for either of the two binary extremes. The crystalline-
to-amorphous phase transformation was dommated by a stimulated amorphisation 
process , the probability for which was maximum at the stoichiometry most eas ily 
amorphised. EXAFS measurements demonstrated the bimodal bond length distribution 
characte1istic of lnxGa1.xP was primarily accommodated on the zinc-blende lattice via 
bond bending with dev iations from the tetrahedral bond angle readily apparent in the 
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ternary alloy . Correlating EXAFS and RBS-C measurements, structural disorder and the 
probability of stimul ated amorphisation were both greatest at a common intermediate 
stoichiometry, where the ternary alloy was most eas il y amorphised . These results are 
similar to those observed in lnxGa 1-xAs, suggesting a s imilar amorphisation mechanism 
is in place i.e . the anomalous arnorphisation is a result of structural disorder. The 
bimodal bond length distribution in InxGa1-xP leads to an increased NNN DWF that is 
largely accommodated in the bond angle distribution given bond bending is 
energetically favoured over bond stretching. It is thi s structural disorder that serves as 
preferential nucleation sites for amorphous phase formation. 
At 15 K , however, the amorphisation behaviour of lnxGa 1.xP for all sto ichiometries 
studied was intermed iate to the two binary extremes, with GaP requiring the highes t and 
lnP requiring the least amount of T]dpa • At 15 K both direct impact and stimulated 
amorph isation have significant contribu tions to the amorphisation process. In general, 
the critical T]dpa required to amorphise GaP and InxGa 1.xP was a factor of two less at 15 K 
than that required at 300 K . However, the critical T]dpa required to amorphi se lnP at 15 K 
was six times less than that required at 300 K. It is suggested that the greater reduction 
in the l'\dpa va lue of lnP at 15 K was due to the lower force constant observed in lnP 
compared with that of GaP at these low temperatures. 
The nex t chapter will investigate if a s imil ar amorphisation mechani sm as has been 
observed in lnxGa1., As and lnxGa1.xP at 300 K is present in Si1 -xGe, alloys. 
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Chapter 5 Sh-xGex 
5.1 Introduction 
In Chapter 3 the amorphisation of InxGat-xAs was investigated , and the observed 
behaviour was attributed to existing structu ral di sorder present in the material as a result 
of bond bending to accommodate the bimodal bond length distribution. This disorder 
serves as preferential nucleation sites for stimulated amorphisation. Having established 
the reason for the anomalous amorphi sation, Chapter 4 investigated whether this applied 
to a similar material , InxGa t-xP , which also has a bimodal bond length di stribution. It 
was found that lnxGa1.xP behaved in a similar way to InxGa1-xAs . 
In thi s chapter , we now extend the study to Si1., Ge,, which has al so been shown to have 
a composition dependent bond length not fo llowing the YCA [42, 118]. Three distinct 
bond lengths have been observed in Si1.xGe, : Ge-Ge, Ge-Si and Si-Si. Whereas the 
previous two materials were III-Vs and had a zinc-blende structure, Si1.,Ge, is a IV-IV 
material and has a diamond structure . Hence, if a multimodal/composition dependent 
bond length is the only fac tor influencing the amorphisation behaviour observed in the 
previous two chapters, we should ex pect Si1.xGex to fo llow similar amorphisation 
kinetics . In this chapter the crystalline to amorphous phase transformation of Si1.,Ge, 
alloys is reported and the resulting data fit using the Becking model for defect 
accumul ation and amorphi sation [22] . 
Haynes et al. [119 , 120] studied the amorphisation of Si 1.,Gex as a function of fluence 
and temperature. They implanted Si 1.xGe, layers with a fixed ion fluence of 6 x I 014 cm·2 
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Si ions at temperature ranging between -100 and 150 °C. Although they did observe 
increased damage with increasing Ge content for a given fluence , a full crystalline to 
amorphous phase transformation was not reported. Similarly, Larsen et al. (121] and 
Linder et al. (122] also reported on Si1_xGex amorphisation. They used 2 MeY Si ions at 
room temperature but they did not include Si and Ge in their data to compare with 
Si1_xGex amorphisation. Linder et al. found that for a fix ed ion fluence the damage 
produced in Si 1_xGex increased with increas ing x i.e. samples with higher Ge content 
were easier to amorphise. Larsen et al . reported similar resu lts noting an enhanced level 
of damage and a strong decrease in critical ion fluence required for the formation of a 
buried amorphous layer in Si 1-xGex, 
Lie et al . (123] carried out a comparative study of amorphi sation behaviou r in strained 
versus relaxed layers of Sio90Ge0.10 and found that the two layers behaved in a similar 
manner and that the presence of strain did not affect the irradiation induced damage in 
Sio90Geo.10- Lie [I 24] later wrote a comprehensive review of ion impl antation in Si 1.xGex 
alloys and reported data fo r the entire range of Si1.xGex along with Si and Ge. 
Decoster and Vantomme [ 125] studied the ion impl antation induced damage in Ge as a 
function of ion fluence, mass, energy and current density and proposed three regions fo r 
the damage accumu latio n process. In the lowest flu ence region , the strain and defect 
frac ti on was found to be linearl y proporti onal to ion fluen ce and the defect density was 
directl y proportional to the depos ited energy which is converted into the creation of 
vacancies. The damage accu mulation process in the second region was fo und to be more 
efficient as a result of increased defect density in the implanted layer. The third region 
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was found to start at the critical fluence for amorphisation , and this value was 
determined for a wide range of ion masses and energies . 
Composition dependent bond lengths in crystalline Si1.,Ge, have been reported by 
various authors [42, 118, 126, 127]. Kajiyama et al. [127] reported Si1 .xGe, as having a 
Bragg-Pauling type bond behaviour i.e. the bond length in Si 1.xGe, was independent of 
composition, in contrast to the theoretical predictions of Cai and Thorpe [83]. Later, 
Mousseau and Thorpe [128] attributed the difference between these theoretical and 
experimental results to hydrogen contamination of the Si1.xGe, samples of Kajiyama et 
al. Ridgway et al. [42] and Aldrich et al . [1 26] gave bond lengths for Ge-Ge and Ge-Si 
bond lengths measured at the Ge K edge. Ridgway et al . reported on an increased bond 
length as a function of Ge composition in Si1.,Ge, . Aubry et al. [11 8] performed EXAFS 
measurements at both the Si and Ge K edge in their study. They confirmed 
experimentally that the first nearest neighbour (NN) bond lengths of Si1.xGe, alloy 
including Si-Si, Ge-Si and Ge-Ge bonds maintain distinctly different bond lengths as 
predicted by the Valence force field based models. They also determined the topological 
rigidity parameter a** = 0.63 fo r Si1.,Ge,. 
In this chapter, Ge K edge EXAFS data were used to determine the NN and the next 
nearest neighbour (NNN) bond lengths and these bond lengths then used to calcu late the 
Si1-xGex bond angles. The Debye-Waller factor (DWF) at the NNN was also determined 
from the EXAFS data. 
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5.2 Experimental 
Si1_xGex layers with 0.04 :S x :S 1 were grown using molecular beam epitaxy (MBE) on 
Si and Si-on-insulator substrates2 at 600 ° C. These samples were provided by 
collaborators (J. L. Hansen and A. N. Larsen) from Aarhus University in Aarhus, 
Denmark. Samples were annealed at temperatures :S 900 ° C both in-situ and ex-situ to 
relieve residual strain through di slocation formation. Layers grown on Si-on-insu lator 
substrates were used for EXAFS measurements. Stoichiometries of these layers were 
determined using RBS as outlined in section 2.2 . 
Samples with x = 0 .04 , 0.2 , 0.46 and 0 .66 were implanted usin g 74Ge ion s at the 
Friedrich-Schiller-Uni versitat in Jena, Germany. RBS-C measurements on these sam ples 
were performed to quantify the ion implanted di sorder. Nominally undoped Si and Ge 
samples were implanted using 74Ge ions at the ion implan ter facility at ANU. The 
implanted energy was varied between 200 and 300 keY to obtain comparable depth of 
74Ge ions in all samples. Samples with x = 0.04 were also implanted and measured in 
Canberra to enab le a calibration between impl ants perfonn ed in Jena and Canberra. A 
difference in dosimetry was apparent , and is detailed in the nex t section. 
RBS-C measurements were performed as described in Chapter 3, section 3 .2 to 
determi ne l'>X,rnin• The backscattered ion yie ld in th e case of Si1_xGex was integrated over a 
depth range of typicall y 200 - 1500 A, at which depth the impl an tation- induced vacancy 
production (determined from SRlM 2003 [17]) decreased to two-thirds of the maximum 
va lue. Figure 5-1 shows RBS -C spectra of Si0.80Ge0.20 as a function of fluence showing 
scatteri ng from Ge. Here an increase in fluence results in an increase in backscattering 
2 0.2 Jim Si/0 .411m SiO2/Si substrate 
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yield , which is indicative of increased disorder in these materials. The conversion from 
backscattered ion energy to depth was performed using the DICADA program (48]. 
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Figure 5-1 R BS-C spectra of SioBoGe0.20 irradiated at 300 K. 
EXAFS measurements were performed in transmission mode at the Ge K edge using 
beamline 20-B at the Photon Factory in Japan at a temperature of 10 K. Prior to the 
EXAFS measurements, the MBE layers were separated from the substrate by 
preferentially dissolving the SiO2 layer using a l :2 HF:H2O solution as described by 
Ridgway et al. [42, 129]. ARTEMIS [63, 64] was used to determine the structu ral 
parameters over a photo-electron wavenumber (k) range of 3.8 - 15 .2 and a non-phase-
corrected radial distance (r) range of 1.3 - 4 A. For each sample , the coordination 
number for the NN shell was set to a total of four and reflected the stoichiometric ratio 
of Si and Ge found in that sample . Similarly, for the NNN shell, the coordination 
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number was set to 12, and again refl ected the stoichiometric ratio in the material. Bond 
lengths for the NN and NNN were used to determine the bond angles , in a s imilar 
manner to previous chapters . 
5.3 Results and Discussion 
5.3.1 RBS-C 
To check for any difference in dosimetry between the implants performed in Jena and in 
Canberra , Sio _95Geo_04 was implanted using the same energy, and subsequentl y measured 
using RB S-C under s imilar conditions, at both fac ilities . The resulting 6::(m; 11 data and 
Hecking model [22 , 25] fits are shown in Figure 5-2 where a clear offset (a factor of -
I .65) is observed. 
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Figure 5-2 1',Xn,,, as a function of number of displacements per atom comparing difference in 
dosimetry for Si0_96Ge0 _04 implanted and measured under similar conditions in Jena and in 
Canberra . 
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The parameters (Pa, A, and critical T\dpa) determined from the Hecking model fits for the 
Canberra and Jena data are shown in Table 5-l. Included also in Table 5-1 are the 
parameters determined from the fit of the adjusted data. 
Pa A, Critical T\dpa 
Sio.%Geo04 (Canberra) 0.73 ± 0 .13 5.05 ± 0.8 0.33 ± 0.08 
Sio.96Geo_04 (Jena) 1.01 ± 0.19 9.28 ± 1.24 0.22 ± 0.05 
Sio.%Geo04 Jena*l .65 0.67 ± 0.12 5.62 ± 0.75 0.36 ± 0 .08 
Table 5-1 Pa, As and critical tJdpa values for Sio.96Geo.04 
Due to the difference in dosimetry the unadjusted values for Si096Ge0.04 (Jena) are 
different to those of Sio.%Ge0_04 (Canberra). However, the adjusted values for these 
parameters are the same for both measured in Canberra and in Jena. All Si1 -xGex samples 
implanted in Jena (and discussed from here onwards) were scaled to reflect the above 
difference in dosimetry so that a meaningful comparison could be made for the entire 
stoichiometry range. 
The presence of misfit dislocations , and their effect on the amorphisation kinetics of the 
alloy, needed to be considered for Si1_,Gex just as they were for InxGa1_,As (see Chapter 
3). Ton implantation for Si and Ge was performed on bulk substrate materials free from 
misfit dislocations whereas amorphisation studies on Si 1_,Gex were performed on 
materials grown (beyond the critical thickness) on Si substrates which, due to the lattice 
mismatch, have misfit dislocations present in them. 
101 
To study the worst case scenario , a Ge layer was grown on a Si substrate. Both Ge on Si 
(Ge/Si) and Ge were implanted simultaneously with 300 keV Ge ions at 300 K. The 
resulting damage was measured using RBS -C and L'i.Xm;n as a function of T] ctpa plotted is 
shown in Figure 5-3. 
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Figure 5-3 L'.X,.,;., as a function of number of displacements per atom comparing amorphisation 
kinetics of bulk Ge and Ge/Si with 300 keY Ge ions at 300 K. 
Both Ge and Ge/Si have near identical amorphi sation behaviour and equal va lues of Pa, 
A, and critica l T] ctpa (Tab le 5-2) were determined from the Hecking fits of F igure 5-3 . 
Thi s clearly indicates that the presence of misfit dislocations did not influence the 
amorphi sation kinetics of Ge , and hence would not influence amorphi sati on of Si 1.xGex 
alloys which is ex pected to have a lower mi sfit density than Ge on Si. 
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Pa A, Critical T] ctpa 
Ge 1.85 ± 0.36 15.35 ± 2.57 0.12 ± 0.03 
Ge/Si 1.53 ± 0.39 16.09 ± 2.94 0.14 ± 0.04 
Table 5-2 Pa, A, and critical 1Jdpa values for Ge and Ge/Si 
Figure 5-4 shows the fits for L'i.Xm;n as a function of T]ctpa over the entire stoichiometry 
range for Si 1.xGex , It is clear that Si is the most difficult to amorphise, and that the 
critical value of T]ctpa required for amorphisation decreases with increasing Ge content, 
with Ge being the easiest to amorphise. The amorphisation behaviour of Si 1.xGex is 
similar to that observed in AlxGa1.xAs [9] and discussed in earlier chapters where the 
T]ctpa required to amorphise AlxGa1.xAs increased with increasing Al content. This is 
contrary to the amorphisation behaviour observed in In,Ga1 .xAs and lnxGa1 .xP, as 
outlined in Chapters 3 and 4 respectively. 
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Figure 5-4 /',X,,,;n as a function of l]apa measured over the entire stoichiometry range x for Si 1.,Ge,. 
The plotted curves are fits using the Hecking model to the experimental data points. 
Values of Pa, A, and critical T] dpa derived from the data are plotted as a functi on of Ge 
content in Figure 5-5. In contrast with In,Ga 1.,As and ln, Ga1.,P , Si 1.,Ge, does not 
ex hibit a quadratic behaviour fo r A, or critical llctpa where an intennedi ate stoi chi ometry 
was the eas iest to amorphi se. However, the probability for stimulated amorphisation (A,) 
is still the dominant fac tor as com pared w ith the probability of direct impact 
amorphi sation (Pa) - Ge , wh ich is eas iest to amorphise has the lowest critical T]dpa,and the 
hi ghest va lue for A, . Thi s corre lati on is the same as observed in both In,Ga1_, As and 
ln ,Ga 1., P . 
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Figure 5-5 Critical IJdpa and probabilities for direct impact (P.) and stimulated amorphisation (A,) 
as a function of stoichiometry for Si,.,Ge,. 
A similar trend for Si 1.,Ge, amorphisation was reported by Lie [124] using 100 - 300 
keV Si ions . All data presented in reference [124] were from pseudomorphically strained 
Si 1.,Ge, layers , however, as shown by Lie et al. [123] the presence of pseudomorphic 
strain had no significant effect on the resulting implantation induced disorder in these 
materials. 
To compare the results of this study to that of reference [124], their data were converted 
to 11c1pa values and the resulting i'lXmin, P a and A, , and critical T]ctpa plots are shown in 
Figure 5-6 and Figure 5-7 , respectively. The amorphisation trends of this study and 
those shown by Lie are similar. 
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Higher values of As and consequently of critical TJctpa in reference [124] are possibly as a 
result of Si ions being used in reference [124] as compared to Ge in this study. Although 
it is expected that TJctpa should normalise the effect of ion mass, however, exceptions do 
occur. A similar trend has been reported by Wendler [16] in GaAs, where despite equal 
TJctpa values, the ion mass clearly influenced damage production. Further study needs to 
be performed to determine this discrepancy in data observed for Si1 .,Ge, between data 
presented in this study and that of Lie for amorphisation due to heavier and lighter ions. 
5.3.2 EXAFS 
EXAFS was utilised to probe the short-range order about Ge atoms in the Si 1.,Ge, 
samples to gain an understanding of why the amorphisation process in Si1 .,Ge, is 
different from that in Tn,Ga1.,As and In,Gat.,P. 
Figure 5-8 shows Fourier-transformed EXAFS spectra of unimplanted Si 1.,Ge, and Ge 
measured at the Ge K edge. A NN and NNN peak is apparent in all spectra at a non-
phase-corrected radial distance of ~ 2.1 and 3.7 A, respectively. The NN and NNN 
shells for Ge consist of four and 12 Ge atoms, respectively, whereas in Si1 -xGex the NN 
shell is a mix of both Si and Ge atoms (four and 12 in total , respectively). The highest 
NN and NNN amplitudes are observed for pure Ge. A reduction in amplitude with 
decreasing Ge content is clearl y evident as a direct result of the atomic number (Z) 
dependence of the scattering strength of the Si and Ge atoms. The DWF for Si t.,Gex 
(shown later in Table 5-3) is much lower compared with both ln,Ga1.xAs and ln, Ga1., P, 
and as a result , is not expected to account for the observed reduction in amplitude for 
NNN. 
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Figure 5-8 Fourier transform of EXAFS spectra measured at the Ge K edge for Si, .,Ge,. 
The reduced amplitude of the NNN peak that we saw in In, Ga 1_,As and lnxGa 1.,P is not 
present in Si1.,Ge, . The reduction in amplitude of the NNN peak in Si 1.xGex is instead 
similar to that observed in AJ05oGao.50As . In general , a gradual reduction in the 
ampl itude of the NNN peak, si mi lar to that of the NN peak, is observed in S i 1.,Gex. as a 
resu lt of decreasing Ge content due to the Z dependence . 
Figure 5-9 shows fi ts to the EXAFS data for crystalline Ge and Geo54Sio45 us ing 
ARTEMIS [63] with parameters defi ned earlier in section 3.2. The fit s are in excellent 
ag reement with the back transformed ex perimental data. 
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Figure 5-9 Best fit for Ge and Si0.54Gc0.46 at the Ge K edge to k3 weighted experimental data using 
ARTEMIS. 
Similar fits were performed for other stoichiometries and the bond lengths and DWF for 
the NN and NNN detem1ined from these fits. The NN and NNN bond lengths were then 
used to determine the average bond angle between NNN and the absorbing atom using 
Eq. 3.3. These values are listed in Table 5-3. 
Bond Length (A) Bond Angle (00) 
DWFNNN 
Material NN NNN (Ge-Ge-Ge) 
Ge-Ge-Ge Ge-Si-Ge 
RGe-Ge R oe-Si Roe-Ge R oe-Si 
Sio.%Ge0 04 2 .383 ± 0.002 3 .874 ± 0.006 0.0044 ± 0 .001 I 
S io.soGeo.20 2.424 ± 0.006 2.39 1 ± 0 .003 3 .887 ± 0 .058 3 .895 ± 0 .009 106.6 ± 1.67 108.75 ± 1.63 0.004 ± 0.0018 
S io.s4Geo.46 2.432 ± 0.002 2.392 ± 0.004 3 .922 ± 0 .004 3 .938 ± 0 .006 107.48 ± 0 .17 11 0. 13 ± 0 .28 0 .0039 ± 0.0003 
S i0_34Gc0.66 2.438 ± 0 .001 2.388 ± 0.008 3.958 ± 0.002 3.974 ± 0 .0 17 108.53 ± 0.09 111.94 ± 0.53 0.0046 ± 0.0003 
Sio.22Geo.1s 2.442 ± 0.001 2.404 ± 0.01 4 3.975 ± 0 .004 3.989 ± 0 .058 108 .95 ± 0 .13 111 .53 ±0.93 0.0049 ± 0 .0004 
Ge 2.447 ± 0.001 4 .005 ±0.003 I 09.84 ± 0 .09 0.0039 ± 0.0002 
Table 5-3 Bond lengths, bond-angles and Debye Waller factors (DWF) calculated from EXAFS spectra of InAs, GaAs, A10.50Ga050As and ln,Ga,.,As . 
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NN and NNN bond lengths in Table 5-3 are in good agreement with the theoretical 
values reported by Mousseau and Thorpe [130] and the experimental results for NN of 
Ridgway et al. [42] and Aubry et al. [118]. The theoretical model of Mousseau and 
Thorpe suggests an increase in bond lengths for NN Si-Si, Ge-Ge and Ge-Si with 
increasing Ge content. In addition, they also predict an increase in the NNN distance for 
Ge-Ge , Ge-Si and Si-Si bond lengths. Bond length for NNN Ge from Table 5-3 is also in 
good agreement with the experimental results shown for bulk Ge by Araujo et al. [131] 
and Sun et al. [ 132] . 
Note that the bond angles reported in Table 5-3 for the Si 1.xGe, alloy do not deviate as 
significantly from the tetrahedral bond angle as was the case for ln,Ga 1.xAs (Table 3- 1) 
and InxGa1 -xP (Table 4-1). This indicates that the disorder at the NNN in Si1 -xGex shou ld 
be Jess than that observed in In,Ga1.xAs and In,Ga 1.,P. 
The NN bond lengths for Si1.xGe, are plotted in Figure 5-10 . Note that data shown in 
this plot for the Si-Si bond-length are taken from the work of Aubry et al. [118] and 
were acquired at RT as opposed to 10 K for Ge-Ge and Ge-Si data. Nonetheless, the 
values of a** calculated from Figure 5-10 for Ge-Ge (0.68 ± 0.03) and Ge-Si (0 .76 ± 
0.09) agree well with those reported by Aubury et al. for their RT data. 
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Figure 5-10 Nearest neighbour bond lengths (Ge-Ge, Ge-Si and Si-Si) for unimplanted Si 1.,Gc, as a 
function of stoichiometry. 
From Figure 5- 10, S i1-xGex has a trimodal bond- length distribution cons isting of Ge-Ge, 
Ge-Si and S i-Si bond lengths as opposed to In, Ga1_, As and ln,Ga 1_, P which have 
bimodal bond-length distributions. The Si-Si bond-length in Si 1_xGex does not change 
with changing composit ion and remains close to the Si-Si bond-length observed in pure 
Si. Th is also suggests that the increased Ge content in Si 1., Gex is primaril y 
accommodated via bond bending as opposed to bond stretching in Si -S i, thus resulting in 
a va lue of a'' * for Si-Si (0.97 ± 0.14) very close to one, which represents the Bragg-
Paulin g condition of o nl y bond bendin g being acti ve . Similar values of a** for Si 1_,Ge, 
have prev ious ly been reported by Aldrich et al. [126]. 
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At first the 'Z-plot' in Figure 5-10 seems similar to that for lnxGa1_xAs (Figure 3-15) 
and lnxGa1_xP (Figure 4-9). However, when plotted on the same scale (Figure 5-11 ) , it is 
evident that although the Z-plots of lnxGa1-xAs and lnxGa1-xP are similar, the difference 
between the RGeGe, RGeSi and Rs;s; bond length in Si ,_xGex is much less than the 
difference between R~,As (R1nP) and RGaAs (RGaP) bond lengths. The data for the Z-plot of 
AixGa 1_xAs were calculated from the theoretical predictions of Cai and Thorpe [39] and 
appear to be almost a straight line when plotted on this scale . 
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Figure 5-11 Nearest-neighbour bond lengths for ln,Ga,. ,As, In,Ga,.,P, Si1.,Ge, and Al,Ga 1.,As. 
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The DWFs for the NNN shell of In,Ga1-xAs, In, Ga1 -xP and Si 1_, Gex are shown in Figure 
5-12. It is evident that the disorder observed in InxGa1.,As and In, Ga1_xP at the NNN is 
much reduced in Si1 -xGe, and effectively independent of Ge content. One reason for this 
could be that in the Si1_, Gex system both Si and Ge are completely miscible and do not 
have separate anion and cation sublattices. 
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Figure 5-12 Debye-Waller factor of the NNN for Si1.,Ge, about a Ge atom as a function of Ge 
content x. For comparison, Debye-Waller factor for In,Ga1_,As and In,Ga 1.,P are also shown. 
Correlating the EXAFS and RBS-C measurements , the fact that the Si1_xGe, 
amorphisation kinetics are more like AlxGa1_xAs as opposed to those of InxGa1_xAS or 
InxGa 1-xP , is attributed to less bond angle distortion at the NNN in Si1_xGe, . The 
amorphisation kinetics, however , are still dominated by the probability for stimulated 
amorphisation as opposed to the probability for direct impact amorphisation as shown in 
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Figure 5-7. Due to the lack of disorder at the NNN, a max imum A, (or minimum critical 
T]dpa) value was not observed at an intermediate stoichiometry value. Instead , both A, and 
critical T]dpa, increase and decrease, respectively, with increasing Ge content . The 
correlation between the stoichiometry with the highes t A, value bein g the easiest to 
amorphise still exists, as is the case fo r Ge. This is similar to the amorphisation 
behaviour of Al, Ga 1_, As as shown by Tan et al . [9] and discussed earlier in Chapter 1. 
5.4 Conclusion 
The amorphisation kinetics of Si 1_,Ge, along with those of both Si and Ge have been 
investi gated over the entire stoichiometry range. The value of critical T] ctpa required to 
amorphise Si1_xGe, decreased with increasing Ge content. This was in stark contrast to 
the amorphisation kinetics observed in ln, Ga1_xAs and ln,Ga1_,P and has more in 
common with the amorphisation kinetics observed in AlxGa 1_, As. 
Si1-xGe, has a trimodal bond length di stribution consisting of Ge-Ge, Ge-Si and Si-Si 
bond lengths . The S i-Si bond length does not change significantly with increasing Ge 
content and remains closer to the original Si -Si value observed in pure S i. The Ge-Ge 
and Ge-S i bond lengths do vary with increasing Ge content, with the fo rmer showin g a 
greater change in bond length than the later. This is also evident from the topological 
rig idity parameter a** with a hi gher value of a** suggesting a bigger role of bond 
bendin g. It should be noted that both bond bending and bond stretching pl ay a role in 
accommodatin g the stra in introduced due to change in stoichiometry, the degree of 
which is indicated by the value of a** . 
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The observed difference in Si1_, Ge, amorphisation from that of In,Ga1_,As and In, Ga1_,P 
can be best understood by considering the DWF for the NNN shell for the materials in 
question. Compared with both In,Ga 1_,As and In,Ga1_xP , where the DWF for the NNN 
shell varies as a functi on of stoichiometry , the DWF for the NNN shell for Si1_xGe, is 
virtually independent of stoichiometry. This is due to the fact that there is no separate 
anion - cation sublattice, and nor are there any anti-site defects in Si 1_,Gex as found in 
both In,Ga1.xAs and InxGa 1_,P. It is due to this reduced di sorder at the NNN shell that 
the amorphi sation kinetics observed in Si1.xGex are similar to those observed in 
AlxGa1.xAs as opposed to those oflnxGa 1_xAS and InxGa1.xP. 
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Chapter 6 Conclusions and Further Work 
This thesis has investigated the amorphisation kinetics of InxGa1_xAs, InxGa1_xP and 
Si 1_xGex. The amorphisat ion behaviour in all three alloys was expected to be similar, and 
unlike the behaviour observed in AlxGa1_,As, where the amorphisation kinetics are 
inten11ediate to the two binary extremes. 
The approach taken for each material was to first use RBS -C to study the crystalline to 
amorphous transformation of implanted materials as a function of stoichiometry, and 
then to use EXAFS measurements to study the local atom ic structure of the materia ls. 
By making use of the Hecking model , the RBS-C work yielded the probabilities fo r both 
stimu lated amorphisation and direct impact amorphisation, helping to determine the 
dom inant mechanism fo r amorphi sation and its relationship to stoichiometry. The 
EXAFS studies allowed determ ination of bond lengths , bond angles and DWF; the 
correlation of this structural information with the observed amorphisation behav iour 
from the RBS-C work led to an explanation of the amorphisation kinetics in the three 
sys tems studied . 
Both InxGa 1_, As and lnxGa 1_xP were found to have sim il ar amorphisation kinetics, in 
which some of the stoi chiometri es amorphi sed at flu ences less than those required to 
amorphise the two binary ex tremes in the respecti ve al loys. These alloys were found to 
have a bimodal bond length distribution, leadin g to bond angle distortion and disorder at 
the NNN shell. The rap id amorphisation observed in both lnxGa1_, As and lnxGa 1-xP was 
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attributed to th.is structural disorder which gave rise to preferential sites for stimulated 
amorph.isation. 
Similar amorphi sation kinetics were expected from Si1.xGex, because , like the ternary 
compounds , Si1.xGex has multimodal bond length distributions , in this case, trimodal. 
However, its amorphisation kinetics were found to be similar to those observed in 
AlxGa1.xAs. This was due to the much reduced disorder observed at the NNN shell in 
Si1 -xGex compared with both lnxGa1.xAs and InxGa 1-xP. 
It was hence concluded that bond angle distortion and , more importantly, disorder at the 
NNN shell, were the main reasons for the amorphisation kinetics observed in lnxGa1.xAs 
and lnxGa1.xP, Simply having a bimodal (or u·imodal) bond length distribution in an 
alloy is not reason enough to expect rapid amorphisation in that material. 
The significance of these findings is that they offer a substantiated explanation for the 
anomalous amorphisation observed in two ternary compound semiconductors InxGa1.xAs 
and InxGa1.xP that are used in the e]ectronics/photonics industry. This could have 
applications in selecting mate1ials where this type of amorphisation behaviour is desired , 
because the su·uctural disorder at the NNN, as indicated by its DWF, should predict this 
anomaly. 
Materials that could be usefully investigated along these lines include other ternary 
compounds such as Al,Ga1.xN , lnxGa1 .xN, InxGa1.xSb , AlxGa1 .xSb , CdxHg1.xTe and 
CdxZn 1.xTe. If we first consider the InxGa1.xN , lnxGa1.,Sb and CdxZn1.xTe systems, the 
binary constituents of these materials all have a significant difference in lattice constant 
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similar to that of In, Ga 1_, As and In, Ga1_, P (recall Figure 1-1), which could be expected 
to produce bond ang le distributions sufficient to cause anomalous amorphisation 
behaviour similar to that of lnxGa 1_xAs and lnxGa1_xP, In contrast , AlxGa1_xN, AlxGa 1_xSb 
and CdxHg1_xTe have lattice constants close together, and hence should show 
amorphisation kinetics similar to those observed in AlxGa 1_xAs. 
A further area to explore in such materials would be a comprehensive study into the 
DWF of the NNN shells and the bond angles , to determine whether a threshold value of 
the bond angle ex ists at which a given material transitions from amorphisation kinetics 
similar to those of lnxGa1_xAs and ln,Ga 1_xP, over to arnorphisation kinetics 
characteristic of AlxGa1 -xAs and Si1 -xGex. 
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Figure A-1 Best fit for GaAs at the Ga K - edge to k3 weighted back-transformed experimental data 
using ARTEMIS. 
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Figure A-2 Best fit for InAs at the In K - edge to k3 weighted back-transformed experimental data 
using ARTEMIS. 
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Figure A-4 Best fits for In053Ga11.47As at the In and Gas K - edge to k3 weighted back-transformed 
experimental data using ARTEMIS. 
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Figure A-5 Best fit for ln0.28Ga0.72As at the Ga and As K edge to k3 weighted back-transformed 
experimenta l data using ARTEMIS. 
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Bond Length (A) 
Bond Mikkelsen and Cai and Malcrial 
Boyce T horpe Glover Azevedo This Study (NN/NNN) 
NN NNN NN NN NN NN NNN 
l nAs In-As 2.622 2.624 2.6 17 ± 0006 2.609 ± 0.002 4 .273 ± 0 .005 
GaA s Ga-As 2.449 2.449 2.448 ± 0 .003 2.437 ± 0.002 3 .986 ± 0 .004 
In-As/ In- In 2.597 
I no.:wGa1umAs 
Ga-As/Ga-Ga 2.456 
In-As/In-In 2.596 4. 11 2 
I no_25Gao.15As 
Ga-As/Ga-Ga 2.462 4.027 
In-As/In- In 2.594 ± 0 .004 I n0 _28Ga0 _72As 
Ga-As/Ga-Ga 2.454 ± 0.002 4.072 ± 0.0 1 
In-As/In- In 2.608 4. 18 ] 2.607 
1 n0 .50Ga050As 
Ga-As/Ga-Ga 2.469 4.087 2.468 
In-As/In -In 2.59 1 ± 0 .003 4. 176 ±0.006 
lno.s3Ga0 .41As 
Ga-As/Ga-Ga 2.466 ± 0.003 4. 104 ± 0.01 2 
In-As/ In-In 2.61 5 4.239 2.598 ± 0.003 4. 192 ±0.0 12 I n0 _75Gao.25 As 
Ga-As/Ga-Ga 2.477 4. 128 2.47± 0003 4. 133 ± 0045 
ln-As/ ln-ln 2.6 16 
I no.xoG<1o.20As 
Ga-As/Ga-Ga 2.475 
Table A-I Bond lengths for lnAs, GaAs and ln,Ga 1.,As as reported by Mikkelsen and Boyce [40] , Cai and Thorpe [39] , Glover [79], Azevedo [78] and this study. All 
values reported here (except for this study) ha ve been read offfrom gra phs reported in the above references. 
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